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THE JADEITE PROBLEM 
Parr I 
HATTEN 8S. YODER, JR. 


ABSTRACT. The literature is reviewed and new data on the jadeite 
problem are presented which redefine the probable stability range of 
jadeite. The mineral is known to occur in only three places: in Burma, 
as small masses in serpentine with albite or nepheline, or both; in Japan, 
ilso as small masses in serpentine with albite and quartz; and in Central 
America, but here no specimens have been found in situ. The interest in 
jadeite is due mainly to the theory that it is a high-pressure mineral. 
if a reaction is known to be possible on other grounds, it will proceed 
under pressure in the direction of smaller volumes. However, the mere 
fact that the supposed products are of smaller volume than the reactants 
is not sufficient basis for inferring that the reaction will take place. 
All attempts to synthesize jadeite, even at pressures up to 4000 atmos- 
pheres, have been unsuccessful. 

Although no direct structure determination appears to have been made, 
the common assumption that jadeite has a structure similar to diopside is 
justified by an indirect method. It is suggested that the co-ordination of 
sodium is probably less than normally assigned and that the “excess” 
aluminum occupies silicon positions. 

The temperature of formation is believed to be less than 800°C, since the 
mineral melts metastably at a temperature at least as low as 800°C.; it 
occurs with low temperature albite (<700°C.); it occurs in a reaction 
zone against serpentine (<500°C.); its chemical equivalents, nepheline + 
albite, appear to be stable in the presence of water down to 600° and 3000 
atmospheres; and its glass fails to crystallize dry below 800°. 

A new analysis of jadeite and data on the diopside—jadeite and acmite 
jadeite joins are given. The jadeite problem is considered to be distinct 
from the eclogite problem. 


INTRODUCTION 


HE interest in jadeite, NaAl(SiOs)2, has arisen from a 
theory that it forms only under conditions of high pressure. 
At present jadeite stands as an example of a “high-pressure 


mineral” along with diamond and possibly the pyrope- 
almandine garnet. This view has been reached mainly from con 
siderations of the eclogite problem since only one in situ 
deposit of jadeite has been studied in detail. The conditions of 
formation of the mineral jadeite have been considered analogous 
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to those of the rock eclogite even though the so-called jadeite 
molecule makes up only a small part, or even may be absent, 
in the eclogite pyroxene. These views on its formation are so 
firmly held that they are cited as evidence in the solution of 
earth structure problems. The purpose of this paper is to 
present new data which redefine the probable stability range of 
jadeite. 


CHEMISTRY OF JADEITE 

In 1863 Damour assigned the name jadeite to a mineral 
having the composition NaAl(SiOs)2. Since then it has been 
suggested that jadeite may constitute an important part of 
pyroxenes whose composition can be represented in terms of the 
end members acmite, hedenbergite, and diopside. These com- 
plex pyroxenes have been called omphacite, soda-augite, may- 
aite, chloromelanite, chromojadeite, lime-jade, fassaite, and 
others. The analyses of some 65 of these soda-alumina-bearing 
pyroxenes have been collected and their soda and alumina con- 
tents plotted in figure 1. 

On first inspection one would conclude from the figure that 
there are essentially two different groups of jadeitic pyrox- 
enes. However many of the analyses were made from artifacts 
such as jewelry and axe heads of both modern and ancient 
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civilizations. In addition many of the carved specimens may 
have been taken from the same boulder or fragment and there- 
fore their analyses give undue weight in any statistical con- 
sideration. Others were made from impure pyroxenes separated 
from eclogites and other rocks. Most of the analyses were 
made around the year 1900. In spite of these shortcomings, the 
analyses show several interesting points. The group which most 
nearly approximates the ideal formula for jadeite are con- 
sidered to be from only three distinct areas. 

(1) Those specimens labeled as being obtained from Burma, 
China (Yunnan province), and Tibet are all believed to come 
from deposits in Burma. Many of the specimens from the 
Burmese localities were derived from a conglomerate, but for 
the past sixty years some have also been obtained from nearby 
in situ deposits. In order to avoid payment of royalties, accord- 
ing to Bleeck (1908), the Burmese jadeite had been smuggled 
across the borders to Yunnan, China, and to Tibet. 

A locality was thought to exist near Karakash, Chinese 
Turkestan. This was also known as the Khotan or Kuen-Lung 
Mountain deposit. Musketov and Arzuni (Blagdanowitsch, 
1892) believed that nephrite had been formed here at the 


expense of chloromelanite, but that no pyroxene was actually 
identified. In a personal communication, W. F. Foshag said no 


jadeite had been found in the specimens he had received from 
that locality. 


Those analyses which contain a high percentage of potas 
sium are said to come from China. It is not known whether 
these might not be from a particular boulder, containing ortho- 
clase, which had been transported from Burma to China by 
man. 

(2) A second locality, near the village of Kotaki, Niigata 
Prefecture, Japan, has been described in Japanese. Specimens 
have been received by the National Museum. 

(3) A third locality is thought to exist in Central America 
(Oaxaca or Guerrero, Mexico, and Guatemala) where another 
conglomerate (Washington, 1922a) has apparently yielded 
boulders of jadeite. Neither the source of these boulders nor 
the original outcrop of jadeite has been found. 

Another locality may exist in Switzerland, but it is more 
likely that the axes found were made from a single boulder 
erratic such as has been found in South Serbia (Tucan, 1929). 
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Without considering the archeological aspects of these 
localities, it can be said that there are essentially three deposits 
of a mineral which closely approximates the composition of 
jadeite. The important observation concerning these sources 
is that in each case jadeite is associated with nepheline or 
albite, or both. The remainder of the analyses are dominantly 
of pyroxenes taken from eclogites of various localities. In those 
cases the pyroxene is associated with a garnet. In figure 1 the 
straight line represents the ratio of soda to alumina calculated 
for the ideal jadeite. As has been pointed out by several writers, 
the alumina is generally in excess of that required for the ideal 
jadeite formula. This excess and the role of iron and magnesium 
will be interpreted on a structural basis in the following section. 


STRUCTURAL 


ASPECTS OF JADEITE 


In 1925 Wyckoff, Merwin, and Washington compared the 
spacings obtained from a diffraction pattern of jadeite with 
the corresponding lines of diopside. They found that the aver- 
age spacings were some 3 per cent less than those for diopside. 
It was stated that jadeite has a similar pattern and therefore 
a closely related structure to diopside. The patterns were made 
on an unanalyzed sample from Middle America; the spacings 
were not published. 

Of the monoclinic pyroxenes diopside is the only one for 
which a complete x-ray structure analysis has been made 
(Warren and Bragg, 1929). Warren and Biscoe (1931) state 
that from a comparison of augite, acmite, and spodumene, 
they “may reasonably conclude that diopside, hedenbergite, 
augite, clinoenstatite, acmite, jadeite, and spodumene are all 
monoclinic pyroxenes with diopside as the type structure.” 
With the possible exception of spodumene they agree with the 
work done in 1925. It is to be noted that no diffraction patterns 
were made on a specimen of jadeite (this was confirmed in a 
personal conversation with Dr. Warren in 1948). 

In 1932 Merritt published the lines for an unanalyzed speci- 
men from “China.” He said the pattern for jadeite is “ ; 
quite distinct from either diopside or acmite, although there is 
apparently a certain similarity.” 

In an attempt to resolve this difference of opinion, powder 
diffraction patterns were made of jadeite, acmite, diopside, and 


clinoenstatite on a recording x-ray spectrometer. The Geiger- 


| 
L 
if 
if 
th 
| 
| 


The Jadeite Problem 229 


counter x-ray spectrometer (Norelco) was calibrated with a 
quartz standard using the following values: 

hkl 26 d 

100 20.876 4.2549 A. 

101 26.664 8.3432 

112 50.186 1.8177 
The given d spacings are based on a weighted CuKa = (2Ka, 
Ke,)/3 = 1.5418A. Dr. L. H. Adams has shown that the 
Norelco instrument will consistently reproduce angles measure- 
able to 0.02°. A nickel filter was used. 

The jadeite from Burma (USNM #94829) has been 

analyzed with extreme care by E. G. Zies: 


SiOz 69.51 Nav,O 14.87 
TiO» 0.01 K,0 0.02 
24.31 FeO 0.03 
Fe.Os 0.85 MnO 0.01 
0.01 POs 0.00 
CaO 0.77 H.O+ 0.06 
MgO 0.58 


Total 100.03 


This material had been examined optically by H. E. Merwin and 


found to be free of mineral inclusions. Dr. O. F. Tuttle was of 
the opinion that he had observed a sufficient number of liquid 
inclusions in a single thin section to account for the 0.06 per 
cent H2O + in the analysis. 

The jadeite from Japan (USNM #105860) contained a 
large number of liquid inclusions in addition to tremolite and 
albite. Most of the included material in another piece of the 
same specimen was removed after grinding by centrifuging 
in Clerici solutions prepared by K. Neuvonen. The removed 
material after x-ray examination was identified as analcite by 
comparison with known patterns. No analcite was seen in the 
thin section prepared. 

The acmite was from Quincy, Massachusetts, and has been 
described by Palache and Warren (1911). The material was 
taken from the same sample analyzed by Washington 
(Washington and Merwin, 1927). 

The natural diopside was collected by F. E. Wright at Ham 
Island, Alaska, and its analysis is given by Allen and White 
(1909). The synthetic diopside was prepared by J. F. Schairer. 
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The clinoenstatite was taken from the material prepared 
by Bowen and Andersen (1914). The spacings smaller than 
1.731 did not agree with those of Clark (1946). 

A visual similarity was noted among clinoenstatite, acmite, 
and jadeite in both spacings and intensities. The intensities of 
diopside appeared to be unique among the group. This could 
have been anticipated from the much larger scattering power 
of the calcium with respect to the other atoms (except Fe). 
In order to compare jadeite more closely with diopside, whose 
structure is known, it was necessary to find a method of index- 
ing its planes. Not having accurate unit cell data, it was 
assumed that the “ce” dimension is approximately the same 
for all pyroxenes. Using the morphologically determined crys- 
tallographic ratios and beta angle of Penfield (Kunz, 1900), 
a reasonable unit cell size was calculated: 


B == 72° 44.5’ 1.108 : 1 : 0.613 
a -— 9.45 A. 
b == 8.57 
c == 5.25 


An accurate check may be made on the dimensions of this unit 
cell. The volume of the cell, using the above values, calculated 


hy the formula V = abe sin 8, is 406 A*. The volume may also 
he determined using the formula V = Mn/N,8 where: 

M molecular weight — 202.09 

n number of molecules in unit cell = 4 

== Avogadro's number 6.023 + 0.001 x 10°3 

4 density 3.328 at 80.9°C. (Adams and Gibson, 1929). 


This is equal to 403.28 A*. It is concluded that the calculated 

unit cell dimensions are reasonable. The spacings for this 

assumed unit cell were calculated for most of the hkl’s permitted 

in the space group to which diopside is assigned, C$,, by the 
formula 

h? 1? cos 

B b? 


The calculated d’s are listed in table 1 for comparison with 


those of the diopside from deKalb, New York. Those spac- 
ings for the deKalb diopside for which intensities are indicated 
were determined by Warren and Bragg (1929), the others 
were calculated. The pattern of the Burmese jadeite recorded 
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on film was taken and measured independently by A. J. Frueh 
for the purpose of comparing the two methods. It is seen that 
all the lines from the powder patterns can be assigned an 
index within the space group criteria. It appears as though 
acmite, jadeite, and clinoenstatite are pyroxenes having diop- 
side as the type structure. 

This specific problem can be approached in another way. 
If jadeite has the type pyroxene structure of diopside 
(XYZ20e), a stable structure should result when Na and Al 
are substituted in the X and Y positions respectively. In diop- 
side there are three distinct oxygen positions. The Pauling 
bond situation for these oxygens may be diagrammatically 
represented as in figure 2a. Here each bond is assigned a 
strength dependent on the charge and co-ordination of the 
atom in accordance with the Electrostatic Valence Rule 
(Pauling, 1929). It is seen that such an arrangement does not 
lead to a stable structure. Following the suggestion of Bragg 
(1937, p. 187), if two of the bonds co-ordinating the calcium 
atom to oxygens are assumed inactive, a stable structure results 
(figure 2b). In effect the bonding becomes that of clinoenstatite 
(YYZ20¢). To obtain the jadeite structure it should only be 
necessary to substitute Na in the calcium positions and Al in 
the Mg positions. Again assuming a six-fold co-ordination for 
the calcium position (as in spodumene and clinoenstatite) the 
bonding picture becomes that of figure 2c. This is not unreason- 
able for dominantly ionic structures, but a further improve- 
ment may be made. Buerger has made the suggestion that the 
co-ordination of the alkalies is, in general, too high. He postu- 
lated that sodium may have a co-ordination as low as four. 
Sodium has a co-ordination of four in Na2O and also in the 
nepheline structure. For jadeite the bonding picture then be- 
comes that of figure 2d. Such an analysis is limited by the fact 
that the bonds are not entirely ionic and that only the nearest 
neighbors are considered. However, it may be concluded that 
the assumed structure for jadeite is reasonable from the 
standpoint of bonding. 

It is obvious that a more general picture must be considered 
than the simple substitution of sodium and aluminum in the 
proper positions. Warren and Biscoe (1931) have expressed 
the general formula for the pyroxenes as follows: 
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Fig. 2. Co-ordination of oxygens in pyroxene structures. 


where X may be Ca, Na, K, Mn, and where Y may be Mg, Fe, 
Al, Ti, Mn, Li, and m tends to be either 1.0 or 0. Although 
there is insufficient data to define the limits, if any, of these 


substitutions, the following aluminous pyroxenes have been 
recognized 


{ 


Jadecite (Na,Ca)(Al,Mg)(Si,Al) 

Omphacite (Ca,Na)(Mg,.Fe*?,A1) (Si,Al) 

Chloromelanite (Si,Al) 206 

Augite (Si,Al) 

Fassaite Ca(Mg,Al) (Si,Al) 206 
The groups as defined above represent only one opinion; the 
terminology is greatly in need of revision. The role of the 
‘excess’ alumina is that of a proxy for silica; an aluminum in 
a silicon position has a co-ordination of four. Warren and 
Biscoe further point out that as much as one-fourth of the 
silicon positions may be occupied by aluminum. In such a case 
the local bonding picture is satisfied if the atom in the calcium 
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position is allowed to change co-ordination as the situation 
dictates. Osborn (1942) has demonstrated that diopside can 
take up aluminum in its structure. It would be of great interest 
to learn the precise role of aluminum in such structures as 
fassaite. It is conceivable that the pyroxene structure may be 
controlled by activation or inactivation of some of the alkali 
bonds, or by the change in co-ordination of aluminum, or by 
both. How these changes may be brought about by changes 
in temperature or pressure are discussed in the following 
paragraphs. 

The co-ordination of calcium is thought to be a function of 
temperature. According to Brandenberger (1936) and others, 
the calcium in Ca2SiOs should surround itself with a smaller 
number of oxygens in the higher temperature forms. Bredig 
(1945) believes the higher temperature form to have its cal- 
cium in the higher co-ordination. The first view is based on the 
Goldschmidt Rule (1926) that at high temperatures that crys- 
tal structure is stable which could be obtained by substituting 
a cation having a greater electrostatic influence. The latter 
view is based on the argument that the weaker bond (Ca-O) 
becomes weaker, that is, the bond distance increases making 
greater co-ordination possible, before the stronger bond (Si-O) 
is affected. One would expect that the more loosely packed 
structures, for example, where the atom has the lower co- 
ordination, would exist at the higher temperatures. Buerger 
(1948, p. 115) also believes that there is a tendency toward 
lower co-ordinations at higher temperatures. He says that 
“Atoms in lower coordination are freer to wander over larger 
volumes, and thus have larger entropies.” There is some reason, 
therefore, to believe that the co-ordination of the alkalies is a 
function of temperature. 

Jadeite has most of its aluminum in the Y position (CN = 6) 
rather than in the Z (Si,Al) position (CN = 4). From geo- 
metrical considerations alone, it can be said that aluminum in 
six-fold co-ordination is in closer packing than when in four- 
fold co-ordination. In that packing is dependent on the ratio 
of the atomic sizes, it is therefore dependent on composition. 
This is shown strikingly by substituting the light weight NaAl 
combination in place of the heavier CaMg in the pyroxene 
structure; the density increases. In other words, if the com- 
position is fixed, there exist limitations to the type of packing. 
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Pressure 


Temperature 

Fig. 3. Stable regions for different co-ordination of aluminum (after 

Thompson, 1947) 
From a study of the chemical analyses, it appears that cal 
cium throws aluminum into four-fold co-ordination and sodium 
throws it into six-fold co-ordination in the pyroxene structure. 
Other factors (i.e., structural type) should be considered 
since in grossularite, for example, the aluminum is in six-fold 
co-ordination in the presence of calcium. 

Wickman (1943) and Thompson (1947) consider the co- 
ordination of aluminum to be a function of pressure and tem 
perature as shown in figure 3. (This shift in co-ordination is 
similar to the shift in co-ordination thought to occur in carbon 
as in figure +.) Wickman, however, qualifies his statement by 
saying that in the presence of the strongly polarizing OH 
group the aluminum may also have six-fold co-ordination. 
Wang (1939) suggested that the co-ordination of aluminum 
was controlled by the amount of volatiles present. Of the soda- 
alumina-silicate minerals which have all their aluminum in 
six-fold co-ordination (glaucophane, tourmaline, and sodium 
montmorillonite, for example), only jadeite is considered to be 
anhvdrous. 

Much stress has recently been laid on the co-ordination of 
aluminum as a function of pressure. The concept of space 
conservation under high pressure can be traced back to the 
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Volume Law of Lepsius (1893, p. 191). The fact remains, how- 
ever, that logically one cannot step directly from a minimum 
volume product to the agent of high pressure without inter- 
mediate considerations, i.e., composition and temperature. These 
often overlooked considerations will be stated more precisely 
later in thermodynamic terms. Where the association is jadeite 
with albite or nepheline, or both, the aluminum is in both IV and 
VI. When the association is jadeite and garnet, the aluminum 
is dominantly VI. These two different types of association will 
be fully described in the following sections. 


ASSOCIATION WITH NEPHELINE OR ALBITE, OR BOTH 

Only one deposit, Upper Burma, has been studied where 
jadeite occurs in situ with albite or nepheline, or both. Noetling 
(1892) first described the deposits at Tawmaw (or Tammaw), 
Burma, as a vein in a black rock. Later (1893) he said the 
jadeite was intimately associated with an eruptive rock closely 
resembling serpentine. In 1896 Noetling finally concluded that 
the jadeite was either a separate intrusion into the serpentine 
or a cooling modification of the serpentine. The rocks collected 
by Noetling were described in detail by Bauer (1895). Bauer 
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Fig. 4. Stable regions for different co-ordination of carbon (after 
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thought that the Burma jadeite could not be considered an 
eruptive rock since jadeite had not been found in established 
eruptive rocks. Of particular interest is a fragment of a 
boulder, said to have come from Tibet, which Bauer (1896) 
described. In it were found jadeite, nepheline, and albite— 
locally one more abundant than the others. In one preparation 
needles of jadeite were completely enclosed by the nepheline; 
only small amounts of basic plagioclase were present. Bauer 
(1897) later said that the “Tibet” material occurred in a 
chlorite schist. In 1906 Pirsson and Iddings (Bishop, 1906, p. 
162) described several specimens from Burma which contained 
either albite or nepheline. They considered the jadeite to be 
a constituent of a metamorphosed igneous rock (phonolite) 
and cited as evidence the cataclastic structure, the lack of 
(OH) bearing minerals, and the general absence in known 
igneous rocks. In the same year Bauer (1906) noted further 
in a specimen from Burma that jadeite occurred with plagi- 
oclase and contained needles of orthoclase. 

In 1907 the deposit was again studied by Bleeck (1907, 
1908) who described it as a broad dike in serpentine. Judg- 
ing from the extent of the mines and quarries, the deposit was 
roughly 600 feet wide and 1500 feet long. A section through 
the dike is represented in figure 5. (The zone between the 
jadeite and serpentine was described by Noetling as “clayey 
soft serpentine.” Later Chhibber (1934) described a similar 
zone as consisting of a crushed mixture of serpentine and jade- 
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Fig. 5. Cross section of Tawmaw, Burma, dike (after Bleeck, 1907). 
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ite or amphibole in an irresolvable base.) Bleeck emphasizes 
the fact that albite is an important constituent of the dike. 
He says the intrusive nature of the dike is proved by the inclu- 
sions of the country rock and the veinlets of albite-jadeite 
extending into the country rock. Bleeck is of the opinion that 
the dike originally solidified as a nepheline-albite rock which 
later, under metamorphism at a very high pressure, was trans- 
formed into an albite-jadeite rock according to the equation: 
nepheline + albite = 2 jadeite. 

(The formation of jadeite by this reaction results in a 21.3% 
reduction in volume.) This follows the suggestion of Rosen- 
busch (1898, p. 508). The minerals developed in the wall rock 
are considered to be produced as a result of a reaction between 
the serpentine and the dike. This metamorphism was caused by 
a later intrusion of granite into the area. 

Lacroix (1930) from his studies of Burmese specimens from 
museums and Chinese lapidaries came to the conclusion that 
the dike entered as a highly aluminous and sodic magma con- 
taining an excess of silica, stoping and metamorphosing its 
walls. Through desilication of the magma by the peridotite, the 
amphibolite zone was formed. The intrusion took place under 
high pressure, according to Lacroix, which permitted the 
production of minerals having the smallest volume, i.e., jadeite. 

A third field study was made of the Burma deposit by 
Chhibber (1934). His detailed examination of the mining opera- 
tions and of many recently discovered outcrops in the jungle 
resulted in a picture somewhat different from that of Bleeck. 
The outcrops suggested to him that there are four dikes or 
sills intrusive into the peridotites and serpentines. The most 
recent workings in the Tawmaw dike (originally described by 
Bleeck) indicate that the jadeite occurs as large lenses from 
five to seven feet thick in the albite of the foot wall side. These 
lenses are separated by amphibolite, albitite, or an albite 
breccia. Chhibber believes the parent of the dike was e soda- 
granite-aplite which was a normal differentiation product of 
the granite magma which had penetrated the area. He postu- 
lated high pressure operating during the consolidation of the 
rock as the controlling factor, but also suggested that com- 
position might be important. He notes that nepheline syenite 
is usually accounted for by desilication of albite; the inter- 
mediate compound could have been formed by a limited 
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desilication of albite. In general Chhibber agrees with the 
conclusions of Lacroix. 

The authors agree that the source materials for the forma- 
tion of jadeite are of igneous origin, and that pressure was 
the controlling factor. They disagree as to whether pressure 
was active during (piezocrystallization) or after (dynamo- 
metamorphism) the consolidation of the rock. Bleeck says 
that only the metamorphic reaction Ne + Ab = 2Jd_ can 
account for the associations of Jd + Ne and Jd + Ab. Lacroix 
points to densities as favoring crystallization under high pres- 


sure. These explanations must be regarded as speculations and 
not proofs for such processes. 

It is true the association of jadeite with albite or nepheline, 
or both, has been found in only three localities; but it is to be 
noted that there are nepheline-albite rocks which do not con- 
tain a pyroxene, and, on the other hand, there are many such 
rocks which contain an acmitic pyroxene. The presence of 
iron also permits a mineralogy such as _ nepheline, sodic- 
pyroxene, and a garnet, as in the ijolites. Such an association 
may be the link between the nepheline-albite-jadeite rock and 
the garnet-jadeitic pyroxene rock. 


ASSOCIATION WITH ALBITE AND QUARTZ 


Very similar to the Burmese deposit is the jadeite deposit of 
Kotaki Village, Kubiki County, Niigata Prefecture, Japan 
(36 55°N, 137°50°F.). Information on the deposit has been 
obtained mainly. through the kindness of S. K. Neuschel, who, 
at the request of the writer, had a special report prepared by 
Helen L. Foster (1949). Information for the report and map 


was obtained from an interview with Schuichi Iwao, geologist 
for the Geological Survey of Japan, who has made detailed 
studies in the area. Two articles, published in Japanese, by 
K. Omori (1939), and by Y. Kawano (1939) have been 
translated in part by Dr. Joseph G. Hoshioka for the writer. 

Jadeite was first discovered in 1938 in a block in the bed of 
Kotaki River. Kaweno (1939) reported that a dozen and a 
half or so boulders up to several meters in diameter within a 


distance of 150 meters along the river were later found. He 


describes the jadeite deposit as being in a serpentine body, 
triangular in shape, bounded on the northeast by a fault 
against limestone, on the west by a conglomerate, and on the 
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south by sandstone and shale. The contact relationships were 
mostly obscured by talus and the actual exposures of the jade 
ite in place were not observable according to Kawano. Essen 
tially the same relations were indicated by Kiyohiko Ishi who 
surveyed the region in 1932 (see Shiroumadake Sheet No. 136, 
Imperial Geological Survey of Japan). The mineral was de 
scribed as occurring with actinolite and wollastonite and for this 
reason was thought to have been a product of contact meta 
morphism of the limestone. Omori (1939) also listed albite and 
tremolite as inclusions in the jadeite. It was not mentioned 
whether nepheline or quartz were present. Omori gave the 
indices of both the white and green jadeite as: 
a 1.658 B 1.663 y = 1.673 caz = 88° 
Two chemical analyses have been made on the Japanese 
jadeite by Kawano: 
Theoretical Green Jadeite White Jadeite 
59.44 58.02 58.35 
25.22 22.96 23.90 
0.77 0.66 
FeO 0.18 0.08 
MgO 1.70 0.73 
CaO 1.58 0.93 
5.i 12.38 12.55 
K.O 0.16 0.12 
H.O- 0.87 1.24 
H.O 0.61 0.67 
TiO, 0.04 0.04 
MnO 0.01 0.00 


Total 100.00 99.28 99.37 


A thin section of the white jadeite with patches of green 
(USNM #105652) contained many inclusions both mineral 
and liquid. One vein cutting the section, about 0.1 mm. wide, 
contained a fibrous mineral of high index (approximately 1.60) 
and moderate birefringence. It is tentatively identified as tremo 
lite. Being the dominant included mineral, the high HeO ++ in 
the analyzed jadcite could be accounted for by its presence 
in addition to the many liquid inclusions. It is to be recalled 
that considerable analcite was found in one sample. The details 
of the occurrence of the jadeite are quoted from the Foster 
report: 

“The jadeite occurs with albitite and quartz. The 


so-called 
albitite is said to have a composition more like that of oligoclase 
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than of albite. M-nor const tuents of the rock include grossularite, 
actinolite, tale, muscov.te, biotite, p logop.te, vesuvian.te, zoisite, 
and hydrous wollastonite [xonotlite?}. No nephelite is associated 
with the jadeite. There are numerous occurrences of albitite which 
have no jadeite. 

The jadeite and associated alb:tite are found in rock composed 
principally of serpentine. In a typical occurrence, a central mass of 
albitite is surrounded by a series of concentric zones of different 
mineral compositions. The composition of the zones, from the inner- 
most which surrounds the albitite to the outermost is (1) white 
jadeite which contains patches of green jadeite, (2) green jadeite, 

8) actinolite mixed with green jadeite, (4) actinolite, and (5) 
serpentine. The width of the zones which contain jadeite vary from 
one-fourth of an inch to about two inches.” 

Four outcrops of jadeite were indicated by Iwao on a U.S. 
Army base map, three of which do not lie in the serpentine 
body as outlined by Ishii. This discrepancy cannot be accounted 
for at this time. 

The similarity to the Burmese occurrence is striking: the 
main exceptions being the presence of quartz and the variety 
of minor constituents. Quartz as a major constituent immedi- 
ately raises a question since quartz, albite, and jadeite can- 
not coexist under equilibrium conditions. Fermor (1938) sug- 
gested the following equation for the formation of jadeite from 
albite: albite jadeite + quartz. This may well represent the 
case. There is, however, a consistent decrease in silica content 
from the albite core to the surrounding serpentine. 

Some Japanese geologists belicve the jadeitic masses to have 
formed from the residuum of a Mesozoic magma. Others have 
suggested that they resulted from contact metamorphism of 
the 


Paleozoic limestone. 


ECLOGITES 


A second type of association is a jadeitic pyroxene with 
garnet in the rock eclogite. Eclogite occurs only as lenses, 
masses, bands, or schlicren of small size in rocks of basic or 
ultrabasic composition. The structure is massive and the tex- 
ture is described as granular and sometimes cataclastic. This 
picture is not unlike that of the nepheline-albite association. 
The eclogite is a bi-mineralic rock consisting of pyroxene, 
garnet, and a small amount of accessories. The pyroxene, 


usually called omphacite, is dominantly diopsidic and carries 
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small amounts of soda (0 to 8 per cent, average 4 per 
cent for 18 specimens) and alumina. The garnet is of the 
almandine-pyrope series and may carry appreciable amounts 
of grossularite. 
A review of the literature from 1822 when Haiiy (p. 456) 
first defined an eclogite indicates that there are six principal 
schools of thought on the formation of eclogites: 
I. Direct crystallization from a magma under high hydro- 
static pressure. 

Il. High-grade metamorphism of igneous or sedimentary 
rocks. 

III. Metasomatism of sedimentary or igneous rocks. 

IV. Dynamic metamorphism of pre-existing rocks. 

V. Hydrothermal contact metamorphism. 

VI. Migmatization or diatectic metamorphism. 

The first two schools believe in the necessity of high pres 
sure and high temperature for the formation of eclogites, but 
differ in the origin of the material. Most field workers are 
of this general opinion. The following is a composite of 
arguments, independent of area, which have been used by these 
workers. 

1. The density (or high degree of packing) of the charac- 
teristic minerals and the rock as a whole suggest that an 
eclogite would occupy less volume under pressure than a 
gabbro of corresponding composition. This has been illus- 
trated to be in accordance with the Le Chatelier principle by 
the reaction: augitic pyroxene +- plagioclase = omphacite 
+ garnet. 

2. The elastic properties of the rock suggest that it is to 
be found in the deeper portions of the earth where high 
hydrostatic pressures and high temperatures are known to 
exist. 

3. The occurrence of “fragments” of eclogite in the pipes 
of South Africa and Australia have been interpreted by some 
as evidence of a deep-seated source. (These first three argu- 
ments have given rise to the postulate that an inner shell of 
the carth consists of eclogite.) 

4. Several field workers have noted that certain retro- 
grade reactions have occurred in the eclogite, such as the 
formation of a diopside-plagioclase-symplectite, intergrowths 
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of hornblende and plagioclase, and “feldspar uralites” from 


the pyroxene These have been thought to be due to the release 
of pressure. 


5. ‘The associated tectonites and accompanying “high- 
pressure minerals” have been cited as evidence, Diamond, 
rutile, KVanite, and other accessories have been named. 

6 It has been recorded that the eclogite minerals are not 
known in established igneous rocks formed under “normal” 
conditions. 


7. ‘The eclogite minerals have not been obtained in svyn- 


thetic melts at om atmos phe re pressure. 


8. The small size of the occurrences has suggested to 
some that the bodies are the result of “intense local 


conditions.’ 
9. ‘The massive structure and granular texture were 


used as criteria for high temperature and high pressure 
crystallization. 


10. The presence of a pyroxene as well as the lack of 
QOH minerals was considered as evidence for high temperature 
conditions 


The above “criteria” for the formation of eclogite at high 


temperatures and high pressures have, of course, not stood 
without questioning. The following, in corresponding numeri 


il order, are some of the objections raised against each of 


the above arguments. 


1. High density in itself is not conclusive evidence that a 


reaction proceeded in a given direction under pressure 


; tem 
perature and composition must also be considered. A simple 
inalogy may be found in the statement that a reaction may 
vo if the heat of reaction is negative; here the criterion should 
free energy. In addition Wagner (1928) says that eclogites 
wid basalts are not chemical equivalents. 


2 Diabase and dunite have elastie properties similar to 


eclogite. Since diabase may also form near the surface, 

these prope rties cannot bi conclusive evick nee for deep st ated 
formation 

$. Many consider the “fragments” as “segregations” in 

ria ug 1. Some agree that the “fragme nts”? are car 

d uy depth, but that they are from an ancient meta 

rphosed complex whose conditions of formation can no 
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absence of eclogite in the pre-Cambrian that it originated 
only at moderate depths. 

4. The alleged retrograde reactions have also been inter 

preted as up-grade reactions; that is, the “inclusions” are 
relics. Even the “unmixed” pyroxenes of Hentschel (1937) 
may be due to normal magmatic processes. 
5. The nearby tectonites have in some cases been shown 
to be produced after the formation of the eclogite. In some 
areas the associated rocks include limestone and shale. The 
existence of “high-pressure minerals” has yet to be proved. 

6. The line between an igneous augite bearing a little 
soda and an omphacite is not very sharp. Garnets approach- 
ing the composition peculiar to eclogites have been found in 
skarn zones. 

7. Not all the tricks of crystal growth have been employed 
in the attempted production of the eclogite minerals. 

8. It has been suggested, in at least one area, that the 
small masses are remnants of much larger bodies. The large 
lenses, and dike-like bodies are border-line cases. 

9. Massive structure and granular texture have also been 


assigned to low-grade metamorphism by some writers. 


10. Diopside, the dominant portion of an eclogite pyrox 
ene, is considered to be one of the first minerals to form in 
the metamorphism of a dolomitic limestone. Many writers have 
indicated that pyroxene is not a mineral critical to any 
particular set of conditions. Several field workers have 
reported the presence of zoisite, hornblende, mica, and others 
as primary minerals in the eclogite. 


Almost every worker has based his conclusions on observa 
tions in only a single area, yet the freedom with which these 
interpretations have been applied to other areas is unusual, 
and only a few workers seem willing to concede that eclogites 
may form in more than one way. Although the division of 
thought into sharply delineated schools is a matter of con 
venience, the writer believes the following workers may be 
regarded as belonging to the first school of thought: Wang 
(1939), Eskola (Barth, Correns, Eskola, 1939, pp. 366-367), 
Harker (1932, pp. 307-308), Williams (1932, pp. 316-353), 
Waldmann (1929), Eskola (1921), Wagner (1914, p. 130), 
Ktenas (1907), Holland (1900, p. 245). In the second school 
of thought it is probably correct to list Davidson (1942), 
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Fermor (1938), Sahama (1935), Briere (1920), Stillwell 
(1918), du Toit (1908), Holway (1904). Another group of 
writers supporting the high-pressure, high-temperature 
schools are either non-commital as to the source of materials 
or suggest both sources as being possible: Turner (1948, 
p. 106), Baker (1945), Holmes (1936, p. 379), Eskola 
(1936), Alderman (1936), Ernst (1935), Tilley (1936), 
Adams and Gibson (1929), Eskola (1920), Fermor (1913), 
Clough (1910, pp. 32-35), Grubenmann (1910, p. 228), 
Hezner (1903), Rosenbusch (1898, p. 508). 

The third principal school is of the opinion that cclogites 
are produced by the metasomatism of sedimentary or igneous 
rocks. Hentschel (1937) interpreted the eclogites of Gilsberg 
as a secondary product of a reaction between pneumatolytic 
or pegmatitic solutions and a peridotite. The resulting pyrox- 
enite “unmixed” to give an eclogite pyroxene and garnet. 
Ghosh (1941) considered the charnockite series of Bastar 
State and Western Jeypore, in which eclogite occurs, as com- 
plexly metasomatized impure calcareous sediments rich in iron 
and magnesium. The chief criticism that has been raised against 
this last view is that it fails to explain “the world-wide associ- 
ation of basic charnockite and eclogite with anorthosite” 
(Davidson, 1942). Groves (1935) specifically states that no 
anorthosite is associated with the charnockite series in Uganda. 
Dill (1902) believes the eclogite of Munchberger to be the 
result of metasomatism of gabbro-norite by a “hot, acid bath” 
from a granite. 

Another school of thought adheres to the view that the 
materials were subjected to the processes of dynamic meta- 
morphism. Groves (1935) considers this to be the dominant 
factor while Eskola (Barth, Correns, Eskola, 1939, pp. 366- 
367), Backlund (1936), Kranck (1935), Waldmann (1929), 
skola (1921), and Hezner (1903) consider it only a con- 
tributing factor. Kranck, in particular, has presented a 
detailed account of the mechanics of the process. He cites the 
following evidence: rolled-out character of the bodies, rota- 
tional whorls in garnets, broken schistosity, mechanical mixing 
of eclogite minerals with surrounding gneiss, and the parallel 
arrangement of other minerals. 

A fifth school is represented by those who consider the small 
bodies of eclogite to be a product of contact metamorphism: 


— 

= 

' 

+ 

4 

e 
iq 

| 

| 

7 


The Jadeite Problem 247 


Saranchina (1946), Switzer (1945), and Korjinsky (1941). 
Saranchina describes eclogite and amphibolite in which are 
preserved “armoured” fragments of gabbro-norite. The 
eclogite-amphibolite series is said to be produced where the 
gabbro is in contact with migmatite or pegmatitic veins. Switzer 
describes the formation of glaucophane schists through hydro- 
thermal contact metamorphism by serpentine intrusives. In 
view of the intimate association in the field, he concludes that 
the eclogites were formed nearly contemporaneously and 
through the same genetic process. On the basis of chemical 
composition he believes the eclogite to be derived from basalt. 
Korjinsky considers tale deposits which were partly nephritic 
and possibly jadeitic to be formed where borders of “desilicified 
pegmatites” are in contact with hyperbasites and feldspar 
rocks. A deposit of similar mineralogy was reported near Mt. 
Vernon, Skagit County, Washington (Zodac, 1939), but the 
presence of jadeite has not been clearly established (personal 
communications from S. L. Glover, J. W. Melrose, and C. D. 
Campbell, 1948). 

Still another school of thought believes that migmatization 
or diatectic metamorphism produces eclogites. This process is 
supported by Weiseneder (1937), Fiedler (1936), Weiseneder 
(1936 and 1932), Heritsch (1926), Fersman (1925), and 
in part by Backlund (1936) and Kranck (1935). Backlund 
relates the formation of eclogite to the passage of the mig- 
matite front. He believes from his study in Greenland that the 
highest temperatures and extreme dynamic pressure give rise 
to the true eclogite. Fiedler explains the eclogite of Erzgebirge 
as a “particular metamorphic condition” in the amphibolite. 
Pre-existing materials have been affected by the “diatectic” 
process. i.¢., “pegmatitie solutions under high pegmatitic pres- 
sures.”” Weiseneder considers the eclogites to be the result of 
progressive thermal metamorphism under the influence of 
residual solutions from a local magma. He further notes that 
at the same time as this extreme metamorphism at depth there 
was a material exchange within the metamorphosed series. 

It has been hoped from this rather lengthy review of the 
eclogite problem that some clue to the synthesis of jadeite 
could be found, but it seems as though eclogite has been con- 
sidered to be formed by all known major geological processes 
pertaining to igneous and metamorphic rocks. It is the opinion 
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STRATIGRAPHIC STUDIES IN 
NORTHERN PERU 


BERNHARD KUMMEL 


ABSTRACT Detailed measured sections of Permian, Triassic, Liassic, 
Neocomian, and Aptian rocks are described from the Cordillera Central, 
Cerro de Caya Caya, Departamento de Amazonas, Peru. The stratigraphic 
data presented are the bases for extensive faunal studies on the Triassic 
ind Permian which are now being carried on, The Permian section is the 


most northern fossiliferous Permian section so far reported and_ its 


fusulinids indicate an early Leonard age. This is also the youngest Permian 
studied in Peru to date. The Triassic rocks contain the only ammonite 
fauna of that age yet discovered from Peru. 


INTRODUCTION 


7 in the employ of the Peruvian Government in 
the old Departamento de Petréleo, Cuerpo de Ingenieros 
de Minas* the author had the opportunity to make some 
stratigraphical studies in the Cordillera Central of northern 
Peru. between the Marandn and the Utcubama Rovers. 
Fine sections of Permian, Triassic, Liassic, Neocomian and 
Aptian rocks were studied and measured in detail on the west 
flanks of the Cerro de Caya Caya. Steinmann (1929) had 
visited the area and made note of these formations including 
a limited discussion of some of the contained faunas. The 
main objective of this study was to measure and collect the 
unique fossiliferous Triassic rocks which crop out over a large 
area in the Utcubamba Valley. A preliminary report giving 
the stratigraphic data obtained is presented here. 

The fusulinids from the Permian section were studied by 
T. G. Roberts (1949), and they establish well the age of these 
beds. Large collections from the Permian and the Triassic are 
in the process of study. A part of the Triassic fauna has been 
described by Jaworski (1922). The Triassic fauna is note 
worthy in that it represents essentially the only ammonite 

* The duties of this organization are now incorporated in a new agency, 
the Establecimientos Petroléros Fiscales, Ministerio de Fomento, The sup- 


port and encouragement for this study by Sr. A. Cabrera La Rosa, Gerente 


of the above organization is gratefully acknowledged. The writer is grateful 
to Sr. Fernando Neri for his companionship and able assistance in the 
field. The writer also wishes to express his appreciation to C. O. Dunbar 
for preliminary studies on the fusulinids and to T. G. Roberts who studied 
and published a description of this fauna 
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fauna of that age yet recorded from Peru. The fossils are sil- 
icified; approximately a ton of fossiliferous blocks of this 
Triassic limestone has been etched so far yielding thousands of 
specimens representing protoconchs to mature individuals. 
The fauna also contains pelecypods, gastropods, ostracods, 
brachiopods, and sponge spicules. This fauna represents part 
of the large Peruvian Triassic collections at the American 
Museum of Natural History, New York City, that is being 
studied by Newell, Haas, and the author (Science, 1947, vol. 
106, p. 144). 


LOCATION OF THE AREA 


The Cerro de Caya Caya is part of the Cordillera Central 
of the Peruvian Andes and is situated on the divide between the 
Maranon and Utcubamba Rivers. The area of study lies 
entirely in the Departamento de Amazonas in northern Peru. 
This Departamento fronts on the great Amazon rain forest 
all along its eastern border. The western boundary lies well 
in the Cordillera Central and parallels more or less the upper 
course of the Maranén River. There are no roads connecting 
this area with the coastal regions of Peru. Under an old road 
building program there was projected a road from Balsas 
on the Maranon to the town of Leimibamba on the Utcubamba 
River over the Cerro de Caya Caya; however, only three kilo- 
meters were completed and those out of Leimibamba. The 
traveler wishing to visit the region can enter over well used and 
ancient mule trails that start at several points west of the 
Departamento de Amazonas. At the present time there is a 
weckly air service from Chiclayo on the coast to Chachapoyas, 
the capital of the Departamento. One of the most used mule 
trails starts at Celendin in the southwestern part of the 
Departamento de Cajamarca and climbs to a high divide at 
approximately 3000 meters above sea level directly east of 
Celendin; the trail follows a winding descent to Balsas on the 
Maranon River, af@00 meters, then begins to follow a circuit- 
ous route to the summit regions of the Cerro de Caya Caya 
at approximately 3700 meters; and then follows the descent 
to the town of Leimibamba on the Utcubamba River which 
lies approximately 2200 meters above sea level. The strati- 
graphic sections described in this report were measured for 
the most part along this mule trail between the summit regions 
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of the Cerro de Caya Caya and the town of Leimibamba. 
Along this sector of the trail are two valleys. The first above 
Leimibamba is called Pomacocha and here the Triassic and 
Jurassic rocks outcrop the best; the second, higher up the 
mountain side is called Yulli. The high northern walls of Yulli 
valley are formed by Neocomian and Aptian rocks; the 
southern walls are formed by Permian, Triassic and Jurassic 
rocks. 

The author entered the region by flying to Chachapoyas 
and proceeded from there by mule to Leimibamba, with a stop 
over at Suta. The sections around the Cerro de Caya Caya 
were worked for the most part out of Leimibamba. The return 
trip with all the fossil collections was made with 18 mules 


following the trail from Leimibamba to Celendin and took 
three days. 


STRATIGRAPHY 


General Relations. The outcropping rocks of the region 
have a regional NW-SE strike and are in general strongly 
folded and faulted. The core of the Cerro de Caya Caya is 
pink granite overlain disconformably by Permian rocks. In 
the area between Caya Caya and Leimibamba the rocks are 
only slightly faulted and have broad open folds (‘Text fig. 1) ; 
however, between Leimibamba and Chachapoyas the Triassic 
and Jurassic rocks are badly faulted and folded. Along this 
latter stretch it is difficult to measure any complete sections. 
No conclusive evidence was obtained of the nature of the con- 
tacts between the various formations. Most contacts were 
seen in only small locallized outcrops. However, there is no 
reason to believe that any angular discordances are present. 

Permian. Directly overlying the pink granite forming the 


Text Fig. 1. Sect'on showing structural relations of formations between 
the Cerro de Caya Caya and Leimibamba (after Steinmann, 1930), G— 
Granite, P— Permian, T-J — Triassic-Jurassic, N— Neocomian, Ap— 
Aptian. 
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core of Cerro de Caya Caya are 589 meters of rock assigned 
a Permian age. The Permian sequence is composed of three 
main lithologie divisions. There is a lower basal conglomerate, 
arkose, and sandstone member predominantly red in color and 
115 meters thick. This is succeeded by a thick massive lime- 
stone sequence containing myriads of  silicified fossils. The 
fusulinids came from bed 6 (Text fig. 2) 258 meters above the 
base of the formation. This limestone member is 210 meters 
thick. Overlying the limestone member is a series of red to 
brown sandstone, clay-shale, and siltstone which is overlain 
by Triassic limestones. Fusulinids are present only in bed 6 
and were identified by T. G. Roberts (1949, p. 236-238) as 
Parafusulina Kummeli Roberts; they indicate an early Leon- 
ardian age for the enclosed strata. This Permian sequence 
appears to be the youngest Permian section thus far recorded 
in Peru. Dunbar and Newell (1946) record several sections 
of Wolfceamp in central and southern Peru and from Bolivia 
(Text fig. 3). The abundant fusulinids in their strata show 
very close similarities with the Wolfcamp of West Texas 
(Dunbar and Newell, 1946). These authors give a fine sum 
mary of the present knowledge of the Permian rocks of Peru 
and Newell, Chronic, and Roberts (1949) have undertaken 
a more extensive study of the Upper Paleozoic rocks of Peru. 
‘Thompson ind Miller (1949) have deseribed several fusulinid 
faunas from Venezuela and Columbia and show the occurrence 
of Permian rocks younger than any so far reported from 
Peru. These authors also give an excellent summary of the 


previous work on South American fusulinids. 


Triassu "Triassi rocks outcrop extensively along the 
U'teubamba valley between Chachapoyas and Leimibamba, 


where they have been named the Uteubamba formation by 
Weaver (1942). Above Leimibamba along the mule trail to 
Celendin in the regior of Pomacocha, the Triassic rocks are 
very well exposed. Half way between Chachapoyas and Leimi 
bamba is a small tributary of the Utcubamba River coming in 
from the east called Suta, where Steinmann obtained the sil 
icified ammonite fauna studied by Jaworski (1922). A fine 
ilicitied fauna was obtained from the Suta locality at several 
distinct honvons. Unfortunately, however, the area is strongly 
faulted Al d no top or bottom of the st ction could be found. 
The section recorded here was measured at Pomacocha above 
Leimibamba 
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Permian section measured in Cerro de Caya Caya, along trail 


between Leimibamba and Balsas and above Yulli Valley; 


November 7, 1945. 


Massive cliff of gray, thick-bedded, silicous limestone. 


Thickness 


SanJstone, yellow-brown, conglomeratic in parts, with granite 
boulders, some interbedded red sandstone and shale beds, 
m.caceous, mostly covered 
Sandstone, red and yellow-brown, interbedded with brick-red 
silty hiles, m-caceous 


Sandstone, red, conglomeratic with boulders of granite, mica- 
CeouUus 

Siltstone, gray-brown to tan, massive, weathers yellow-brown 
on surfaec, contains thin interbedded units of red micaceous 
si tstone, partially covered 


Siltstone, red micaceous, massive and laminated, partially 
covered 


Sandstone, gray-brown, fine-gra'ned, massive, partially covered 
Siltstone, brick-red, clayey, micaceous, thin-bedded, partially 
cuvered 
Sandstone, gray-brown, micaceous, medium-grained, both lam- 
inated and massively bedded, soft, partially covered 


Lim: stone, gray, compact, massive, with myriads of silicified 
fos ils 


limestone, brown, weathers iron-brown on surface, massive, 


with chert concretions, myriads of silicified fossils 

limestone, gray-black, compact, herd, marsive, weathers I ght- 
gray on surface, contains fusulinids (Parafusulina Kummeli 
Roberts) and other silicified fossils 


Limestone, gray and brown alternating, massive, partially cov- 
erec’, contains silicified fossils 


Covered, interval occupied by stream bed 


Limestone, brown, compact, ers talline, very missive, forming 
first prominent sc; rp past the granites, weathers dark-gray, 
contains myriads of silicifed fossils, product:ds and crinoid 
stems the most abundant 


Limestone, gray, finely crystalline, compact, with chert con- 
cretions, weithers dark-gray, contains myriads of silicified 
fos.ils, crinoid stems, brach opods, etc., part ally covered 
Conglomerate, arkosic, cobb'es and boulders of quartz and 
cark igneous rock, massive, interbedded with thick zones of 
red m-dium-grained sandstone, soft, containing some pebb'es 
, r nit outcrops in a grass-covered and partially 


co ered n etweon the granites and the first massive lime- 


Total 


(in meters) 


132.00 


24.00 


2.00 


63.00 


20.00 
15.00 


6.00 


12.00 


18.00 


18.00 


21.00 


42.00 
11.00 


60.00 


30.00 
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The Triassic is composed of thick massive gray limestone 
in the lower part with thinner bedded units towards the top. 
The whole section contains abundant chert concretions and 
many units are very silty. Silicified fossils are present almost 
throughout the whole section. However, due to transportation 
problems only the more apparent richer beds were sampled. 
Jaworski (1922) assigned a Norian age to the Suta fauna 
listing the following species: 


iQUITOS 
} 


Chackspogos 


BRAZIL 


BOLIVIA 


“CHILE 


Text Fig. 3. Map showing location of known Permian sections in Peru. 
1. Cerro de Caya Caya, 2. Ganzo Azul discovery well, 3. Yauli formation 
of Dunbar and Newell (1946), 4. Cerro Pirhuate, 5. Munani section, Que- 
brada Quishurani, 6. Straits of Tiquina. 
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Nevadites Lissoni Jaworski 
Nevadites Sutanensis Jaworski 
Anolcites Dieneri Jaworski 
s aff, quinque punctalus Mojs 
Rhabdoceras curvatum Jaworski 
Placites op. cf. Sakuntala Mojs. 
Monophyllites 
Ircestes sp. 
Vetasiberites annulosus Mojs. 
’seudomonotis ochotica Keys. 
ula all. carantana Bittner 
cf. aff. sulcellata Muenst. 
sinqularis Healy 
alites subornatus Jaworski 
Os ala ef. ext jua Healy 
‘tum sp ef. mile Broili 
ion on hand includes all of Jaworski’s species 
ind several more: ¢ little work, however, has been done 


as vet ft ‘ t ional statement about the age of the 


fauna. Th eau contains predominently ammonites, with 


small on rs gastropods,  peleey pods, brachiopods, 
ind spor crt spicules, The gastropods are 


tuchie vas in conjunction with his study of the 


gastropod Paul om the "Triassic rocks of the Cerro de 


Pas re 


il Peru. The pel cypods are being studied 


onites by the author. 


in that no other Peruvian and 

tlities have yielded such an 

t from Triassic rocks. The Uteu 
ns Pseudomonotis ochotica which is 
species with a world wide distribu- 
rded from Norian rocks in Siberia, 
lifornia, Oregon, Columbia, Eceua 
Caledonia, the Indian Archi 


In Peru (Text fig. 4) Pseudo 
t Huaira in the Chinchao valk Vv 
mann, 1929), near Concepcion 


( trhuamavo and Cerro dt 

ist north of Olmos, east of 

(A. A. Olsson, personal 

is recorded from the basal 

eastern Ecuador (Tschopp, 
L945, 
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Triassic-Jurassic Limestone measured at Pomacocha, along trail 


between Leimibamba and Balsas, October 29, 1945. 


Thickness 

(in meters) 

15. Limestone, black, bituminous, thin-bedded, slabby, brittle with 
large limestone concretions, lithographic in part, interbedded 
with some dark-brown calcareous shaley siltstone, few fossils 
present 


Liassic 


60.00 
Limestone, gray, regular and massively bedded, mostly cov- 


ered; some drag folds and reverse dips present in this part 96.00 
Shale, gray-brown, calcareous, interbedded with 25 cm. to 50 
em. beds of brown silty limestone, partially covered 18.00 
174.00 
lriassic 
12. Limestone, gray-black, regular but wavy bedded, with much 
chert concretions, weathers tan and gray, very hard, no fossils 62.00 
11. Covered, on opposite side of valley appears to be the same as 
above 26.00 
Limestone, gray black, regularly bedded, cherty, contains silici- 
fied fossils, mostly covered 26.00 
Limestone, dark-gray, massive, compact, contains silicified fos- 
sils in several distinct horizons, also with scattered fossils 
throughout 
Limestone, dark-gray, compact, weathers tan and light-gray on 
surface, contains bands and rounded masses of chert, bedding 
irregular 
Limestone, dark-gray, weathers gray and tan, silty, in irregu- 
lar beds 25 cm. thick, weathers in pitted and streaked surface 


Limestone, dark-gray, in wavy beds 20 em. thick, with frequent 


25 em. to 50 cm. beds of chert, weathers light-gray, contains 
some silicified fossils, upper part partially covered 36.00 


Limestone, dark-gray, compact, hard, in beds 25 em. thick, 
alternating with thin units of tan silty marl 12.00 


Covered, shaly and thin-bedded limestone . 14.00 


Limestone, gray, in even regular beds 25 cm. to 50 cm. thick .. 26.00 


Limestone, tan, hard, compact, weathers gray, contains abun- 
dant chert coneretions, massive in beds 1 to 2 meters thick, 
contains some silicified fossils 


Limestone, steel-gray to blue-gray, extremely massive, forms 
principal scarp in Triassic-Jurassic section, contains abundant 
hard chert concretions, also chert beds, limestone hard, com- 
pact, weathers gray, no fossils seen 


4 
° 
: 75.00 
1. 
180.00 
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The smal] scattered outcrop areas of the Peruvian Triassic 
include strata of Ladinian, Karnian, and Norian age. No 
Skythian, Anisian, or Rhaetic rocks have as vet been recorded 
from Peru. The Ladinian is represented in a limestone sequence 

the Cerro de Acrotambo (Korner, 1937). The Norian lime 

of the Cerro de Pasco region has been reported fre 


juentiv; however, this rock sequence has not been well docu 


mented by stratigraphic and paleontologic data (W. F. Jenks, 
personal communication). The distribution of the Norian rocks 


has been referred to above. It is hoped that the present paleon- 
| | } 


tological studies being carried on with the extensive Peruvian 


lriassic material at the American Museum will add greatly to 
our present meager knowledge of the Triassic of Peru. 

Liassic rocks: The oldest Jurassic rocks outcropping in 
Peru are found in the Utcubamba valley. Numerous isolated 
exposures of these rocks can be seen between Chachapoyas and 
Leimibamba; however, structural complications make the 
measurement of detailed stratigraphic sections very difficult 
or impossible. Overlying the cherty Triassic limestones at 
ii macoc ha, above Lu imibamba, are 170 meters of black lime 
stone and calcareous shales assigned a Liassic age. Unfor 
tunately no fossils were found in this particular region. 

Steinmann (1929) recognized Hettangian and Sinemurian 
in the Utcubamba valley. Weaver (1942) named the 
Hettangian rocks the Chilingote formation and the Sinemurian 
rocks the Suta formation. The Chilingote formation consists 

limestones, dolomitic in part, and calcareous shales 

Suta formation consists of thin-bedded limestones and 
interbedded shale beds. In the Pomacocha section it appears 
it bed 13 ‘ig. 2), and part of bed 14 belong to the 
ngote formation whereas the remainder of bed 14 and bed 
Suta formation. Bed 14 contained structural 


and was t 


oo covered to be accurately subdivided 


Sandstones of Neocomian age are well exposed 
from the intermountain valley of Poma- 
trail ascends at a rapid rate following a 

e and in many places over the more friable 


its is more than six feet deep, having 


uugh the constant passage of mules and 


period of time. The rocks assigned a Neo- 
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comian age are 589 meters of coarse to fine-grained, heavily 
cross-bedded sandstone with much shale interbedded. They 
overlie Jurassic limestones; the contact conditions were not 
observed but appear to be conformable. The sandstone is for 
the most part in very massive units, white to gray-white, and 
usually weathers vellow-brown on the surface. The sandstones 
contain abundant thin lenses and scattered masses of quartz 
pebbles, very characteristic of the Neocomian in many other 


BRAZIL 


BOLIVIA 


“CHILE 


= = — | 


Text Fig. 4. Map showing location of principal Triassic outcrop areas 
in Peru. 1. Suta, 2. Cerro de Caya Caya, 3. Chinchao valley, 4. Cerro 
de Pasco, 5. Carhuamayo, 6. Concepcion and Tarma region, 7. Cerro de 
Acrotambo, 
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places in Peru. Throughout the whole section there are numer- 
ous thin clay shale beds. Some of the shale beds are laminated 
with fine-grained sandstone and contain abundant mica flakes 
and plant fragments. The shale beds are more numerous in the 


lower half of the formation. No plant material well enough 
preserved for identification was found. The upper part of the 
Neocomian sandstone forms a broad terrace upon which rests 
a thick sequence of Aptian limestone. 


Neocomian rocks have a very wide distribution in Peru. 
Their distribution in Peru has been well summarized by Weaver 
(1942). Lower Neocomian rocks are continental sediments in 
eastern and central Peru; along the coast in the vicinity of 


Lima these beds contain some marine members also. The Bar- 
remian (Upper Neocomian) in many places in central Peru 
is composed of shales and limestones containing marine fossils. 
The Neocomian rocks of th Caya Caya region are considered 
to be at least partly correlative with the thick Lower 
Cretaceous sandstones of Central Peru (McLaughlin, 1924; 
Weaver, 1942, etc.) and to the lower part of the Oriente for 
mation of eastern Peru (Kummel, 1946, 1948). 

Oy rlying the Neocomian sandstone are 212 meters of light 
gray limestone, argillaceous in part. The lower half of the for- 
mation is in thin-bedded, partly shaly units; the upper part is 
heavy, massive, gray limestone beds having a conchoidal frac- 
ture. Throughout the sequence fossils are scarce and poorly 
preserved. These rocks are assigned an Aptian age on strati 


graphic position only and may even include some Albian rocks. 


Lower Cretaceous section measured at Yulli, along trail between 


Leimibamba and Balsos, November 8, 1945. 


Thickness 

\ptian (in meters) 
Limestone, light-brown to tan, compact, hard, massive, with 
conchoidal fracture, forms huge scarp, has some 1 to 2 meter 
haly marl beds, fossils throughout but few and_ poorly 


100.00 


$5. Limestone, gray-brown, massive, forms prominent scarp, some 
f s present, weathers gray on surface aie 27.00 


lL .irmestone, rav,. thin-bedds 


conchoidal 
fracture, weathers tan and gray on surface, some fossils 


ad, hard, with 


10.00 


3. Limestone, gray, argillaceous, in regular beds 10 cm. to 25 
em. in thickness, contains poorly preserved pelecypods, echi- 


20.00 
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Thickness 
(in meters) 


Limestone, light-gray, argillaceous, shaly and thin-bedded, 
weathers tan on surface 

Covered, probably argillaceous limestone, shaly, exposed in 
part on other side of syncline 


Total .. 


Neocomian 


30. 


29. 


28. 


Covered, unit very soft, forms low ae Ie beneath Aptian 
limestone 

Sandstone, white-gray, fine-graine “9 massive and soft, contains 
much carbonaceous material and plant fragments 

Sandstone, white and yellow-brown, fine-grained, and black 
shale units laminated and thinly bedded, contains mica flakes 
and plant fragments 

Sandstone, iron brown, medium-grained, with iron concre- 
tionary beds, massive ee 
Sandstone, fine and me He grained, thin bedded and shaly, 
with interbedded units of siltstone, contains plant fragments 
and mica flakes 

Sandstone, white, mottled yellow-brown, mnediune- -graine d, with 
lenses of coarse pebbles, soft, massive, cross-be -dded, contains 
thin beds of gray shale 

Shale, yellow-green, clay 

Sandstone, white to yellow-brown, fine-grained, interbedded 
with units of coarse gray sandstone, relatively soft, partially 
covered 

Shale, gray-white, silty, hard, well bedded, interbedded with 
fine-grained sandstone, contains plant fragments and mica 
flakes 

Sandstone, whi ite to vellow-brown, very massive, coarse to fine 
grained, with lenses of pebbles, contains iron concretions, forms 
high prominent scarp 

Siltstone, gray-brown, massive, soft 

Shale, yellow-gray, clay 

Sandstone, white to yellow-brown, medium to coarse grained, 
cross-bedded, contains abundant pieces of fossil wood and 
plant fragments 

Shale, gray, silty, 

Sandstone, white to yellow-brown, coarse, with pebble lenses, 
massive, cross-bedded, poorly sorted, has interbedded zones of 
very fine-grained s wae e209 contains fragments of fossil wood 
Shale, yellow-green 

Shale, red 

Shale, yellow-green, clay 


Sandstone, yellow-brown, very fine-grained, thin-bedded and 
laminated, contains mica flakes 


Sandstone, white, medium to coarse grained, cross-bedded, 
massive and soft 


Sandstone, gray-brown, fine-grained, thin-bedded and lam- 
inated, with interbedded units of gray shale 


18.00 


37.00 


212.00 


27.00 
2.00 


95.00 


125.00 
6.00 
2.00 


32. 
31. 
60.00 
= 
30.00 
= 
18,00 
27. 
12.00 
26. 
5.00 
25. 
23. 
| 22 
| 2.00 
21. 
| 19 
18. 
8.00 
| 17 2.00 
| 16 
5.00 
15 2.00 
14 2.00 
13 2.00 
12. 
| 
5.00 
10. 
2.00 
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Sandstone, white, mottled yellow, medium grained, with lenses 


of coarse pebbles, weathers gray on surface, unit relatively 


soft 


Sh 


7. Sandstone, very fine-grained, thin-bedded and laminated, con- 
tains lenses of coarse pebbles, with interbedded units of green 


6. Shale, red, mottled 4.00 
5. Sandstone, gray-white, very fine grained, weathers yellow- 

brown at surface, lower four meters thin-bedded and lam- 

inated with mica flakes, upper part massively bedded, white, 

with pebbles up to 1 cm. in diameter, some thin zones impreg- 

nated with a dry, black, bituminous material, unit in general 

eoft, forming low pletfOrm 75.00 

Sandstone, gray-white, coarse, massive, cross-bedded ........ 8.00 

Sandstone, gray-white, fine-grained, thin-bedded and lam- 

inated, interbedded with gray-blue shale, contains mica flakes 

2. Sandstone, white and yellow-brown, massive, cross-bedded, 

coarse, with iron concretions and lenses of quartz pebbles, 


1 Sandstone, yellow-brown, massive, cross-bedded, contact zone 
covered, cannot tell for sure relationship ... 
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THE ABSORPTION OF INFRARED 
RADIATION BY CLAY MINERALS 


W. D. KELLER awnp E. E. PICKETT 


L\BSTRACT Infrared absorption spectrograms by pulverized minerals of 


the kaolin, montmorillonite, and illite groups in the 2 to 15 micron wave 


length bands are shown. The kaolin minerals have a distinctive absorption 


but those from the othe groups are less clearly defined, Spectrograms of 
gibbsite, brucite, quartz, opal, and muscovite are shown because of their 
structural relationships to the cl 1y minerals 


INTRODUCTION 


ARIOUS techniques, such as optical, chemical, thermal, 
and structural methods, have been used to determine and 
differentiate clay minerals. Another tool, infrared absorption 
by the pulverized clay minerals has been proposed (Keller, 
1948). Although this technique is still in the exploratory 
stages enough information has been accumulated from numer- 
ous empirical measurements on clay minerals to present some 
typical patterns characteristic of them. The preliminary re 
port will also supply information about which inquiries have 
heen received It should be realized that only a beginning in 
the work has been made, and only qualitative results have been 
obtained. Instrumentation needs to be improved, and after more 
measurements are made on various different mineral groups 
probably some definite assignment of absorption peaks to 
specific atomic groups will be possible. Quantitative methods 
ire still bn fore us. 

The absorption of infrared radiation has been utilized as a 
powerful determinative and analytical tool by chemists, espec 
ially in work on organic compounds. So characteristic are the 
ibsorption bands within the 2-15 micron wave length spectrum 
of certain chemicals that they may be “finger printed” by their 
ibsorption spectrograms. The possible application of the 


cnn 


ique to mineral determination has not been tested. partic 


larly not for pulverized minerals like clays, and therefor: 
the measurement 


s reported herein constitute in part a trial of 


the applicability of the method to pulverized minerals as well 
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as a report on the properties of clay mineral specimens. Some 
preliminary work on the absorption of infrared by pulverized 
silica minerals has been reported (Keller and Pickett, 1949). 

The principle involved in the selective absorption of infra- 
red radiation depends upon the fact that the atoms of mole- 
cules are continuously in vibration at frequencies which fall 
within those of the infrared range (10° to 10° cycles per 
second) and that incident infrared radiation may be absorbed 
wholly or in part through interaction with the vibrating atoms. 
Moreover, in the infrared range there are absorptions cor- 
relating with the slower rotations of the molecules or the 
massive lattice vibrations of crystals. Although discrete “mole- 
cules” seldom exist in the crystal structure of most minerals, 
insofar as characteristic absorptions may be found, even 
empirically, for minerals, the basis for the results is sound. 

The absorption frequency of simple or highly symmetrical 
molecules may be calculated approximately by the equation: 


— 


Yo 
u 


rec 


Where ¥ is the frequency in cm.", ¢ is the velocity of light, 
u is the reduced mass of the vibrating atoms, and k is the 
force constant which exists between the atoms. The formula 
has been simplified by reduction of constants, etc., in the con- 
cise and lucid introductory treatment of the subject by Barnes, 
Gore, Lidde! and Williams, in their “Infrared Spectroscopy”, 
but nevertheless, many chemical compounds, and certainly 
most minerals do not represent simple molecules, and it there- 
fore lies beyond our present ability to calculate a priori their 
absorption characteristics. To this point, Barnes et al., write: 

“Although the mathematical approach has been of great 
value when applied to simple or highly symmetrical molecules, 
most of the information derived from infrared spectra is 
obtained by the application of the empirical method. This 
method consists of comparing the spectra of the largest ob- 
tainable number of different molecules having a common atomic 
group. By a process of elimination, it is often possible to find 
an absorption band whose frequency remains constant through- 
out the series. The presence, in an unknown, of an absorption 
at this frequency may reasonably form the basis for a guess 
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that the particular atomic group is present. Confidence in 
this method can be obtained only by successful applications 
in a large number of cases.” 


The apparatus used in these measurements is a Beckman 
Model IR-2. infrared spectrophotometer. Briefly, infrared 
radiation from a rich source is dispersed by a rock salt prism 
into a spectrum from which relatively narrow wave length 
bands are selected and transmitted along a path to a sensitive 
thermocouple. The intensity of the radiation transmitted is 
measured with the sample, and without it, in the absorption 
chamber, and the per cent transmission obtained thereby. 
High sensitivity of the instrument is achieved by suitable 
electronic amplification. The current infrared spectrometers 
embody highly advanced improvements over the apparatus 
which was available only a few years ago. Many of the older 
measurements of infrared absorption have been revised. 

In this study, from 5 to 10 milligrams of the finely pulver- 
ized mineral was stirred and dispersed in 2 drops of Nujol 
(medicinal mineral oil) which filled the absorption chamber. 
The latter consists of rock salt plates which are separated 
by shims of variable and selected thicknesses, and held to- 


gether by a metal frame. Nujol has been used as a suspending 


medium because it has a satisfactory viscosity, because its 


index of refraction lessens the scattering reflectance from the 
mineral particles, 


and because its own absorption spectrum 


is relatively simple. It should be recognized that the indices 
of refraction of both Nujol and a dispersed mineral may be 
radically different in the infrared range than they are in the 
visible spectrum. Regarding the absorption spectrogram of 
the suspending medium, it has been suggested that a single 
pure substance which could be purified chemically and repro- 
duced closely might be preferred as a suspending medium to 
one like Nujol which is a complex mixture. Theoretically this 
is correct, but practically no pure liquid is known which has 
a simple absorption spectrum and also possesses the other 
properties which are desired for the infrared work. Because 
Nujol is a mixture, many tiny absorption peaks of individual 
constituents are averaged out, and the curve is flat enough 
that absorptions occurring within the susupended mineral 


show up. 


About four hours are required to make a run and plot it. 
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After this manuscript had been prepared for publication 
it was shown by the laboratory of the Carter Oil Company® 
that improved spectrograms in the higher wave lengths can 
be obtained by grinding the particles to sizes less than the 
wave lengths of the radiation used. The writers obtain better 
resolution in the OH absorption band using Nujol, but con- 
firm from a few runs that the resolution at higher wave lengths 
is superior as run by Carter Laboratory. Absorption peaks 
may also be made to appear sharper if the horizontal axis 
is shortened in relation to the vertical, but maximum detail 
is maintained with ample length of horizontal axis. 


EXPERIMENTAL RESULTS 


An absorption graph of Nujol alone in the specimen chamber 
is shown in figure 1. Along the base of the abscissa is plotted 
the wave length of the radiation in microns and along the top 
is the corresponding frequency in wave numbers or reciprocal 
centimeter. Transmission of radiation in per cent is plotted 
on the ordinate. Nujol is relatively transparent to most infra 
red radiation, transmitting from 80 to 90 per cent over most 
of the spectrum. Slight absorption occurs at approximately 
2.3 and 2.4 microns, and almost complete absorption (opacity) 
for a band at about 3.43 microns in wave length. Lesser 
absorption occurs from 3.6 to 3.72 microns and pronounced 
absorption at 6.86 and 7.28 microns. Numerous slight absorp- 
tions extend over wave lengths to about 11.0 microns and 
another prominent peak occurs at 13.86 microns. This “back 
ground” of absorption is unavoidably present in every measure- 
ment where a mineral was immersed in Nujol. It may be 
“subtracted” from the mineral graph to obtain the absorption 
characteristics of the mineral. The telltale characteristics of 
a positive nature of an irradiated compound are its ab 
sorption “peaks” or depressions. High transmission bands may 
be characteristic of certain compounds, but they constitute 
evidence of a negative type. 

It may be recalled here that chemists have found OH groups 
absorb at different wave lengths between 2.7 


and 3.1 microns 
depending upon the degree of hydrogen bonding of these 


groups with each other or with other O atoms in the lattice. 


* Personal communication from Parke Dickey, 1949. 
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Where OH groups are held independently, i.e., monomeric, 
within a crystal lattice the absorption is at about 2.75 microns. 
Where two or more OH groups are sufficiently ciose together, 
the hydrogen of the OH groups may assume an oscillating 
position between two oxygen atoms with the formation of a 
resonating bond between both oxygen atoms simultaneously, 
the so-called hydrogen bond. The dimeric groups absorb at 
about 2.85 microns and polymeric groups at about 2.95 
microns. Evidence from minerals indicates that the absorptions 
for the polymeric bonding may extend to perhaps 3.1 microns. 
Free water, H2O, absorbs in the 6.0 to 6.1 micron range, in 
addition to the 2.7 to 2.9 micron band. Many other absorp- 
tion bands have been correlated with chemical bonds (Barnes 
et al., 1944; Randal! ef al., 1949) but most of these are not 
applicable to minerals. If mineralogy from infrared data is 
developed it may require a considerable backlog of factual 
data before generalizations can be accurately made (as was 
the case with organic chemistry). 


INFRARED SPECTROGRAMS OF CLAY MINERALS 


The kaolin group. 


cal of kaolinite, dickite, halloysite and endellite are shown in 


figure 2. Nos. 14, 70, 71, and 72 are of kaolinite clays from 


Georgia, South Carolina, Nevada, and California respectively. 
The infrared absorption of kaolinite is characterized by “free” 
hydroxyl absorption at about 2.75 


Infrared absorption spectrograms typi- 


microns (commonly 2.72 
microns) and a comparatively lesser amount of ill-defined 
hydrogen bonded hydroxyl up to 3.1 microns The band be 
tween 3.1 and 7.55 microns is relatively featureless, except 
that free water, H2O, may or may not be shown at about 6.1 
microns. Absorption begins at about 8.1 microns and increases 
regularly in intensity to about 8.95 microns. Another peak of 
slightly greater absorption occurs at about 9.15 microns. Still 
higher absorption peaks occur at about 9.54 and 9.95 microns, 
whereupon transmission increases up to 10.46 microns. Two 
more pronounced absorptions occur at about 10.75 and 11.0 
microns. Transmission (transparency to the band) increases 
as the radiation lengthens to about 12.2 microns. At higher 
wave lengths, notable absorptions occur at about 12.7, 13.4, 
and 14.5 microns. 
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Spectrograms of numerous other kaolinite samples show 
high similarity to these illustrated. The absorptions are so 
consistent that confidence in recognition of a kaolin group 
from its infrared spectrogram is soon established. Pronounced 
free OH absorption correlates well with the kaolinite crystal 
structure as interpreted from X-ray diffraction data. 

Miloschite, No. 71, for example, appears from infrared 
data to fall within the kaolin group, confirming prior evidence 
(Grim and Rowland, 1942; Kerr and Hamilton, 1949). The 
commercial Edwin #2 clay, spectrogram No. 72 from Cali 
fornia likewise shows kaolinite infrared absorption. 

Dickite shows the same general type of infrared absorption 
as does kaolinite, and cannot be differentiated from it with 
certainty at the present stage of our measurements. No. 65 
shows very pronounced monomeric OH absorption at 2.72 
microns which was lost upon calcination at 780°C. for 14 
hours (see 65A). The characteristic absorption of the raw 
clay from 7.5 to 15 microns has also been obliterated or sub 
dued after the 780° calcination, which likewise breaks down 
the crystal structure. Obviously the bonds between silica, 
alumina, and hydroxyl groups are responsible for the several 
absorptions shown by the raw clay but their specific assign- 
ment is not now known. 

Dickite No. 69 shows less intense OH bonding than did 
No. 65. Various intermediate intensities of absorption in the 
2.75 band have been observed on other dickites. 

Endellite, No. 3, is characterized by pronounced absorption 
at 2.8 microns, due to free OH groups, and at 3.0 and 3.2 
microns, due to hydrogen-bonded hydroxyl. At higher wave 
lengths the absorption of endellite parallels that of kaolinite 
but it is more subdued. The endellite sample was prepared by 
grinding under water endellite clay still wet with quarry mois- 
ture, drying sufficiently at room temperature and irradiating 
immediately. Another sample of powder which was “dried” in 
an atmosphere of 80 per cent relative humidity for two weeks 
gave the same absorption curve as the one shown. Molecules 
of interlayer water sheets in endellite, as postulated by Hen- 
dricks, are linked by polymeric bonds, and are linked to O of 
silica tetrahedra by hydrogen bonds of a slightly different 
type. Infrared absorption is in accord. 

Halloysite, No. 73, shows strong OH absorption at 2.74 
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microns but notably less in the higher hydroxyl bands. This 
is in keeping with its lower water content than endellite. 

As has been stated previously, we lack information on the 
correlation between the absorption peaks and the chemical 
bonds responsible for them. However, it may be suggested 
that the peaks occurring at 12.7 and 14.5 microns in kaolinite 
may arise from silica tetrahedra, or a variety of silica struc- 
ture, because pulverized quartz shows infrared absorption 
peaks at 12.6 and 14.5 microns (Keller and Pickett, 1949). 
Other assignments may be speculated but do not justify 
printing. 

The montmorillonite group. Infrared spectrograms of 
montmorillonite group minerals are shown in figure 3. A Ca 
montmorillonite, No. £3, exhibits free OH at 2.72 microns, 
and well-defined hydrogen bond peaks at 2.91 and 3.1 microns. 
Strong absorption occurs between 8.0 and 10.3 microns, above 
which more radiation is transmitted. Smaller absorption peaks 
occur at 11.0, 11.8, and 13 microns. 

Na montmorillonite, No. £5, shows less well defined hydro- 
gen-bonded OH than does its Ca analogue. Other specimens 
of Na and Ca montmorillonite similarly indicate that the 
absorptions of the latter are more sharply defined than those 
of Na montmorillonite. A possible reason for this may be that 


the interlayer water in the Na, swelling type, of montmor- 
illonite has greater 


g mobility of movement than in the more 
tightls 


bonded Ca montmorillonite. At wave lengths above 


7.5 microns the absorptions of the two clays are usually 


similar. 

Beidellite, No. 9, from Creede, Colorado, and No. 12, a H 
beidellite from Missouri Putnam soil colloid, show spectro- 
grams like Ca montmorillonite plus a small, but recognizable 
absorption peak at 10.3 microns. Insufficient samples of 
beidellite have been run to know if the 10.3 micron absorption 
is diagnostic from other montmorillonites. 

Nontronite, No. 8, shows a typical montmorillonite spectro- 
gram. We have insufficient infrared data to differentiate be- 
tween the members of the montmorillonite group. 

The illite group. Figure +. Illite from Illinois gave spectro- 
gram No. 7 OH and hydrogen-bonded hydroxyl are 
prominent in the 2.7% 


3.2 band, similar to that in montmor- 
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illonite. Probably the similarity between the two mineral groups 
in the hydrogen-bonded OH is due to interlayer water rather 
than their similar 2:1 layer structure. Lllite differs from 
montmorillonite by absorbing relatively more intensely at 
12.0, 12.6, about 12.8, and 14.5 microns. Kaolinite showed 
peaks at 12.7 and 14.5 microns, and quartz absorbs at 12.6, 
12.9, and 14.5 microns. These absorptions at similar wave 
lengths are probably significant but the full meaning of them 
is not presently clear. 

Spectrogram No. 42 is of the “Sarospatak clay” from 
Sarospatak, Hungary, which may be a mixed layer, illite- 
montmorillonite clay. The OH absorption might be assigned 
to either of the groups. The remainder of the spectrogram 
is disappointingly featureless. Such an absorption is logical 
however, if the distribution between the two clays is such that 
the low intensities of absorption of each are “diluted” and 
subdued by the cushioning effect of the other clay. Higher 
resolution and higher intensity of absorption is needed; im- 
provement or modification in apparatus is necessary. 

Attapulgite. A spectrogram of the amphibole-like atta- 
pulgite, is shown in No. 16. The absorption of OH and 
water at 2.75-3.1 and 6.0 microns is intense. Further absorp- 
tions occur at 8.2, 8.7-8.9, 9.75, 10.2, 11.0, 11.7, 12.6, 12.95, 
and 14.5 microns. Some of the absorptions of attapulgite 
are common to montmorillonite and some to kaolinite. Only 


a few specimens of attapulgite have been measured and there 


fore insufficient empirical data are available to make a very 
positive statement about the constancy of the above absorp- 
tions. 


Clay lattice components. Because modified sheets of silica 
tetrahedra, gibbsite, and brucite are present in the clay min- 
erals, their infrared absorption spectrograms are shown in 
figure 5. Gibbsite, No. 22, shows both free and hydrogen bond- 
ed hydroxy! in considerable quantity. Strong absorption occurs 
above 8.0 microns in wave length. Brucite, No. 21, shows pri- 
marily free OH groups. This difference in structure confirms 
the evidence from crystal structure by X-rays as described 
by Bragg (1937): 

“The difference” (in brucite-gibbsite structures) “lies in 
the way in which the layers are packed on each other. In 
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Fig. 2. Infrared spectrograms of the kaolin group of clay minerals. 


70. Kaolinite, Langley, So. Carolina. From T. F. Bates 

No. 71 Miloschite, Ely, Nevada. From T. | Bates. 

No. 72. Edwin No. 2 clay, California. From T. F. Bates 

No. 65. Dickite, Mather Mine, Marquette Range. From J. W. Gruner 
No. 65A. No. 65 calcined at 780°C. for 14 hours 

No. 69. Dickite, Schuylkill, Pennsylvania. From T. F. Bates 

No. 3. Endellite, Indiana, From Eugene Callaghan 

No. 73. Halloysite, Avery County, No. Carolina. From T. F. Bates. 


| No. 14. Kaolinite, Dry Branch, Georgia. From S. C. Lyons 
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brucite, the OH sheets of neighboring layers fit into each 
other in a close-packed way, one OH touching three OH in 
the next layer. In Al (OH)s each OH of one layer is opposite 
(italics by Bragg) an OH of the next layer, as if there were 
a strong specific attraction of one OH for the other 
Brucite and hydrargillite illustrate a progressive change in the 
nature of the OH group which has been.summarized as follows 
by Megaw. At one extreme when the polarizing influence of 
the cation is small we have (OH)’ groups which act much 
like F° ions. They pack together as if neutral towards each 
other, and the distance between O centres is large (3.22 A 
for Mg (OH):). At the other extreme when the polarizing 
influence of the cation is large, there appears to be a powerful 
attraction between (OH) groups which draws them close to 
gether” (2.79 A for Al (OH)s:). Hence the infrared absorp 
tion accords with crystal structural evidence. 

Krucite absorbs strongly and with little evident character- 
istic fine structure above 8.0 microns. 


Quartz is shown in spectrogram No. 66. No OH absorption 
is present. Some of the absorptions above 9.0 microns may 
be represented in the clay mineral absorptions, especially 
in kaolinite and illite. As more empirical data are assembled 
tentative computations of vibrational frequencies appear more 
logical and less conjectural. Evidence must be obtained, how- 
ever, from different silica, alumina, and water linkages in 
various minerals. ‘This is time-consuming and progress has 
not gone far. 


Hyalite opal, No. 40, shows the water (2.7-3.0 microns) 


associated with silica. However, the clearly evident quartz 


absorptions, above 9.0 microns, presumably due to organized 


tetrahedral linkage, are not present in amorphous opal. A 
sheet of muscovite shows strong monomeric, free OH, in 
No. 30 .N. Its absorptions above 8.0 microns are correlateable 
in part with those of the 3-layer clays, and are encouraging 
despite present inadequacies. 

We are optimistic that infrared absorption measurements 
contain cor rably more structural information about min 
erals than we are able to interpret now. The technique appears 
to merit more investigation. 
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Fig. 3. Infrared spectrograms of the montmorillonite group of clay 
minerals. 
No. 43. Ca montmorillonite, Arizona. From R. E. Grim. 
No. 45. Na montmorillonite, Wyoming. From R. E. Grim. 
No. 9. Beidellite, Creede, Colorado. From U. S. National Museum 
No. 12. Beidellite, Putnam soil colloid, Soils Dept. Univ. of Missouri 
No. §$. Nontronite, near Troy, Idaho. Col. with V. i. Scheid. 


‘ig. 4. Infrared spectrograms of illite and attapulgite 
No. 7. from Illinois. 
No. 42. Clay from Sarospatak, Hungary. From R. E. Grim 
No. 16. Attapulgite, Attapulgus, Georgia. From Paul F. Kerr, 
Columbia University Collection. 


Pig. 5. Infrared spectrograms of minerals related structurally to clays. 


No. 22. Gibbsite, New Caledonia. Univ. of Missouri mineral collection 
No. 21. Brucite, Wakefield, Quebec. Univ. of Missouri mineral collec 
tion, 


No. 66. Quartz, Graniteville, Missouri. 

No. 40. Hyalite opal, Guanajato, Mexico. Univ. of Missouri mineral 
collection, 

No. 30N. Muscovite, Jackson, No. Carolina. Univ. of Missouri mineral 

collection. 
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ECOLOGY OF MARSH AND BAY 
FORAMINIFERA, BARNSTABLE, MASS. 


FRED B. PHLEGER anv WILLIAM R. WALTON 


ABSTRACT. Fifty-five bottom samples were collected along three 
traverses in Barnstable Harbor, Massachusetts, and adjacent Cape Cod 
Bay. The Foraminit populat-ons are analyzed quantitatively and dis- 


tribution patterns re described 


Phere are two princi Foraminifera facies in Barnstable Harbor and 
in jacent Cape or say Three subfacies are present in the harbor 


area and two subfacies occur in the Bay. Environmental conditions are 


described and are correlated with facies and subfacies distribution. 


INTRODUCTION 


HE, purpose of this study is to examine Foraminifera 
5 prea from Barnstable Harbor, Mass., and adjacent 
Cape Cod Bay, and to correlate the distribution with the 
known environmental factors. 

The Barnstable Harbor area was chosen because of the 
great variation in environmental conditions. The harbor is 
small but contains all the environments characteristic of 
brackish water marshes (Johnson, 1925, pp. 522-528), and 
is adjacent to the open water of Cape Cod Bay where con- 
trasting studies of the faunas can be made. Sandy Neck is a 
long sand spit between the marsh and bay environments and 
is the type of deposit which may be of some importance in 
older sedimentary rocks. It is believed that knowledge of 
potential micro-fossils adjacent to such a sediment may serve 
as a tool to point to the probable existence of a lenticular 
shoreline deposit in older rocks. Much work has been done 
on the environmental conditions existing in Barnstable Har- 
bor by members of the Woods Hole Oceanographic Institution 
over a period of 2 years, and environmental conditions in this 
area are better known than for any other similar area along 
the Atlantic Coast. 

No previous data are recorded on the Foraminifera of Cape 
Cod Bay. It is believed that the results of this study give an 
accurate general picture of the Foraminifera facies distribu 
tion in this part of the bay area. It is not possible to say 
that similar f 


aunal facies occur elsewhere, but it is reasonable 
hs 


to postulate that sharp variations in the Foraminifera fauna 
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can be expected where similar conditions exist. It is hoped 
that other studies can be made in the future in order to extend 
knowledge of the ecology of tidal marshes and adjacent 
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LOCATIONS OF SAM 


The area is located on the south side of Cape Cod Bay and 
includes approximately 100 sq. mi. Barnstable Harbor is 
largely a salt water marsh area separated from the open 
water of Cape Cod Bay by a sand spit (Sandy Neck) ap 
proximately 6 mi. long and 14 mi. wide. The harbor is con- 
nected with the bay by a tidal channel about 400 yds. wide 
at low water, extending the length of the harbor and varying 
in depth from .3 m. to 8 m. 

The samples were collected during the summer of 1948 by 
F. B. Phieger, J. C. Ayers, and H. J. Turner. The bay samples 
are spaced 1 mi. apart in three traverses along the meridians 
W. Long., 70°12.7° W. Long., and 70 21.3° W. Long., 
and each traverse extends offshore for approximately 10 mi. 
In the harbor area the stations were spaced so that all the 
major environments were sampled and are in traverses which 
are approximate continuations of the bay traverses (fig. 1). 
The stations along the three traverses were spaced to obtain 
a representative fauna from all environments from the main 
land side of the harbor, across the sand spit and into Cape 
Cod Bay. Traverse 3 is in the main channel of the harbor 


between Scorton Creek and Beach Point and continues into 
the 


bay. Locations of the stations are listed in table 1 


METHOD OF STUDY 


Most of the Cape Cod Bay samples were collected with the 


hottom sampler constructed by Phleger. This gear obtains 
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a relatively undisturbed sample of the surface sediment and 
a short cross section extending an average of about 30 cm. 
beneath the surface. The upper 2 cm. of sediment from these 
samples was used for study of the Foraminifera. The sampler 


can be used only in sediment containing sufficient mud so that 
there is some cohesion between the particles. In sandy areas 
a small orange-pee! dredge was used, which is modified to 
prevent washing of the sediments enroute to the surface of 
the water. Material for study was selected from the surface 
of each of these samples and was approximately the same 
amount of sediment as that selected from the short cores. 
Most of the samples at the very shallow stations within the 
harbor area were collected with a spatula. 

It was considered undesirable to examine the entire sample 
from many stations due to the large amount of sediment in 
the sand samples, and only a small fraction of these was 
studied. Division of such samples was accomplished by means 
of a simple splitting device designed by Parker (1948, pp. 218 
219). This apparatus consists of a small tray divided into 
two sections by a knife edge in the middle of a v-shaped 
trough inclined at approximately 45°. With this apparatus 
it is possible to make numerous divisions of the washed sedi- 
ment and obtain a representative fraction of the entire sample. 
In samples where few specimens were found on first exam- 
ination, the entire sample was treated with carbon tetra- 
chloride and the residues were examined for forms not freed 
by flotation. 

Methods used in the analysis of the data are those used 
by Phleger (1942) and Parker (1948). Percentages of all the 
species in each population were calculated. These are plotted 
by traverses to study variations that occur along the length 
of the traverses (tables 2-4). In addition, the harbor fauna 
percentages are plotted by ecologic zones because of the va- 
riety of existing environmental conditions (table 5). 

Total population counts appearing in tables 2-5 are close 
approximations and are given as whole numbers. Distribution 
of the Foraminifera has been analyzed by plotting the faunas 
in two groups, the harbor fauna and the bay fauna. Each 
sample was classified according to general type of sediment 
and a brief description of the sediments is given in table 1. 
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THE FORAMINIFERA 
THE SPECIES 


Twenty-six species of Foraminifera have been identified. 
Some of the species are discussed briefly below and typical 
specimens are illustrated on plates 1 and 2. Only those species 
previously recorded from the North Atlantic are included 
in the following discussion. 

Ammobaculites sp. has been assigned tentatively to the genus 
Ammobaculites. The majority of specimens lack the uniserial 
portion and further study is needed to reveal the internul 
structure of the species. 

Ammobaculites cassis (Parker) varies from small and pre- 
sumably young specimens to the large microspheric and mega- 
lospheric forms (plate 1). All variations occur together at 
most places. This species is found north from Cape Cod along 
the New England coast to Greenland. It is a typical sub-Arctic 
species and Cape Cod Bay appears to be the southernmost 
locality from which it has been recorded. 

Armorella sphaerica Heron-Allen and Earland, a very small 
form which was described from the Antarctic, has been recorded 
from Keil Bay, Germany, and off Nonamesset Island, Mass. 
(Cushman, 1944). The latter is the only previously recorded 
oecurrence from the Western Atlantic. 

Eggerella advena (Cushman) is a common species in the 
New England region and occurs in great abundance in the 
Cape Cod Bay samples. It is typically a sub-Arctic species 
and has been found to occur abundantly in the North Atlantic. 

Elphidium cf. articulatum (d’Orbigny) occurs only in the 
bay samples from water depths greater than 26 m. and is 
present in low percentages. It has been recorded previously 
only from Casco Bay, Maine (Cushman, 1944). 

Elphidium incertum (Williamson) is present in both the 
bay and the harbor faunas but is much more abundant in the 
bay. It shows many variations from opaque white, thick-walled 
specimens to clear, almost transparent tests and has a great 
range in size. This species is very common along the New 
England coast. 

Eponides frigidus (Cushman) var. calidus Cushman and 
Cole occurs in most of the bay samples. It is one of the com- 
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monest of the shallow-water forms from the New England 
coastal region (Cushman, 1944). 

Proteonina atlantica Cushman is present in great abundance 
in the bay samples from the shallowest sample at 19 m. to the 


deepest at 38 m., 10 miles offshore. It is cool temperate to 


Arctic in distribution, being very common around Greenland 
and along the New England Coast. 

Miliammina fusca (H. B. Brady) occurs almost entirely in 
the harbor area, but a few specimens were found in the Bay. 
It has been reported previously from Casco Bay, Maine (Cush 
man, 1944). 

Reophaz curtus Cushman is scattered in the bay fauna, being 
present in low frequency at many stations. It has been recorded 
previously in the vicinity of Vineyard Sound (Cushman, 1944). 

Reophax cf. arctica H. B. Brady has been found in a few 
bay samples occurring with R. curtus and R. scottu. 

Reophazx scottii Chaster occurs with R. curtus and is fairly 
tbundant in many of the bay samples. It has been reported at 
only one other locality in the Western Atlantic, off Gay Head, 
Mass. (Cushman, 1944). 

Trochammina inflata (Montagu) is present in the harbor 
fauna in great abundance. Specimens vary in size, but most 
are large and well developed. This species is common along 
the New England coast. 


Explanation of Plate 1 
rure 


{rmorella sphaerica Heron-Allen and Earland. x44. Sta, 
Proteonima atlantica Cushman. x42. Sta. B9. 
Webhinella (? x44. Sta. H5. 
Reophar sp 0. Sta. Bl 
Reophar curtua ( hman. x27 Sta. B6 
Reophar scottii Chaster. x40. Sta. B6 
immodiscus sp x39. Sta. BS 
{ mmodiscus sp x42. Sta. B2. 
Reophar cf. arctica H. B. Brady. x43. Sta. B10. 
pira crassimargo (Norman). x39. a) side view; b) apertural 
view. Sta. BO 
14. Ammohaculites cassie (Parker). 11-12) x40; 13-14) x2614. 11) Sta 
B33; 12-14) Sta. B22 
{mmohaculites sp. x42. Sta. H24 
Eqoerella advena (Cushman). 16-17) x40; 18) x44. Sta. B9. 
Vilammina fusca (H. B. Brady). x42. Sta. H6. 
Quingueloculina seminula (Linne). x41. Sta. B2 
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Trochammina lobata Cushman occurs generally throughout 
the harbor and the bay faunas. It is common along the New 
England coast and has been reported at numerous stations by 
Cushman (1944) and Parker (1948). 

T'rochammina rotaliformis J. Wright occurs with low fre- 
quency in both harbor and bay samples. It has been reported 
as common in Hudson Bay and at other stations along the 
New England coast (Cushman, 1948). 

Trochammina macrescens H. B. Brady occurs in the harbor 
samples in about the same proportion as 7’. inflata. All vari- 
ations of the chambers occur in these forms from complete 
deflation to the normal form. The only other recorded Atlantic 


occurrences are those from brackish water around the British 
Isles. 


Trochammina squamata Parker and Jones and allied species 
(Héglund, 1947) have not been separated. They occur to- 
gether at the same stations and are included in one count. 
This group occurs at most harbor and bay stations. 


HARBOR FACIES 


Occurrence of Foraminifera in the Barnstable Harbor sam 
ples is listed in tables 2-5. The most abundant species is 


Trochammina inflata which comprises 10 per cent to 100 per 


Explanation of Plate 2 


Trochammina inflata (Montagu). x43. 1-2) Sta. H6; 3) Sta. H1. 
Trochammina lobata Cushman. x41. Sta. BS. 


Trochammina macresense H. B. Brady. x40. 6-7) Sta. H6; 8-9) Sta. 
H4. 


Trochammina rotaliformie J. Wright. x40. Sta. H6. 


Trochammina squamata Parker and Jones. 12) x39.; 13) 
B9 


Elphidium cf. articulatum (d’Orbigny). 14) x43., Sta. B6; 15) x41. 
Sta. B6; 16) x39. Sta. B4. 
Elphidium incertum (Williamson). 17) x41.; 18) x44. Sta. B9. 
19-20. Elphidium subarcticum Cushman. 19) x43.; 20) x42. 19) Sta. H1; 
20) Sta. H6. 
Eponides frigidue (Cushman) var. calidus Cushman and Cole. x41. 
a) ventral view; b) dorsal view. Sta. B9. 


Valvulineria sp. x39. a) ventral view; b) dorsal view. Sta. H6. 
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TABLE 1 


Location of Stations 
Depth 
W. Long in Meters Sediment Description 
16’ l4m Medium sand 
16’ 19m Medium sand 
16’ 23 m Fine sand 
16’ 23 m. Mud and sand 
16 25m Mud and sand 
16° 31m Mud and sand 
167 32 m. Mud and sand 
16’ 83 m Mud 
16’ 34m Mud 
16’ 36 m. Mud 
16’ 88 m Mud 
16.1’ Clean coarse sand and 
pebbles 


Clean fine sand 
Fine sand and silt 
Fine sand and silt 
Fine sand and si't 
Mud and sand 
Mud and sand 
Mud and sand 
Mud 
Mud and sand 
Mud 
Mud 
Mud 
Mud 
Mud 
Mud 
Fine silt and mud 
Fine silt and mud 
Fine silt and mud 
Fine silt and mud 
Fine silt and mud 
Fine silt and mud 
Clean fine sand 
Inter Clean fine sand and 
tidal shell fragments 
” Coarse silt 
Silt 


~~ - 


‘ 
‘ 
‘ 

‘ 
‘ 
‘ 
‘ 
‘ 


Silt, high organic 
content 

Silt, high organic 
content 

Silt, high organic 
content 

Silt, high organic 
content 

Silty clay 

Silty clay, high organic 
content 


} 
: 
2820 
4 Sta N. Lat 
Bi $1°45.3" 
B2 $1°46.2" | 
B3 $1°47.3" | 
Ba $1°48.3" 
B5 $1°49.3" 
B6 41°5 
B7 41°51.9’ 
BS $1°52.9’ 
Bo 41°53.3’ 
B10 4$1°54.3’ i. 
Bil 41°55.3’ | 
B13 41°44.8" 
B23 41°4 
B24 41°48 
B25 41°49 
B26 41°50.7 70°18 
B27 41°51. 70°18. 
B28 $1°52.1 
B30 41°54. 70°18. 
B31 41°54." 
B32 41°53." 70°21. 
B33 70°21.5° 
B34 $1°51.7 70°21.3' 
B35 $1°50.7° 70°21.3" 
B36 $1°49.7" 70°21.3' 
B37 $1°48.7" 70°21.3° 
B38 $1°47.7 70°21.3’ 
B39 41°46.7’ 70°21.’ 
B40 $1°45.7° 70°21.3’ 
4 $1°44.7" 70°21.9 
1°43.4 70°20.1" 
H2 $1°42.8 70°20’ 
H3 $1°42.7' 70°20.1" 
Hit $1°42.5’ 70° 19.9" ” 
HS 41°43.9 70°203' 
" H6 41°43.7 70°20.2° 
H7 $1°43.6" 70°20.1’ ” 
Hs $1°43.5' 70°20.1’ 
H9 $1°43.7 10° 18.4 
i 


Ecology of Marsh and Bay Foraminifera, Barnstable 283 


Tasie 1 (Continued) 
Depth 
Sta. N. Lat. W. Long. in Meters Sediment Description 
H10 41°43.5" 70°18.4" Silty clay, high organic 
content 
Hil 41°43.4’ 70° 18.4 Silty clay, high organic 
content 
H12 $1°43.3" 70°18.4’ Medium clean sand 
H13 $1°42.6’ 70° 18.4 Fine sand and coarse 
silt 
Hi4 41°44.2’ 70° 16.5’ 3m Medium clean sand 
H15 41°43.2’ 70° 16.8” 3m. Medium clean sand 
H16 41°42. 70° 17.5’ 3m. Medium clean sand 
H17 41°42.7° 70°17.9° 3m Medium clean sand 
41°42.6° 70° 18.4 6m 
H19 41°42.6° 70° 18.8 38m 
H20 70° 19.5’ Sm 
H21 13.3’ 70°19.7° 3m. 
H22 $3.3" 70°20.2’ 3m. 
H23 "43.4 70°21’ 3m. 
H24 43.4 70°21" 3m. 


Medium clean sand 
Fine clean sand 

Fine clean sand 

Fine clean sond 
Coarse silt and fine sand 
Clean fine sand 

Clean fine sand 


cent of the fauna in each harbor sample, except those which 
were taken from the channel. Next in abundance is JT. macre 
scens which also is a large percentage of the fauna. T. rotali 
formis is not abundant and occurs both in the harbor and bay 
faunas (see tables 2-4). Armorella sphaerica and Webbinella 
(?) sp. are all restricted to the harbor but make up a very 
small per cent of the samples in which they occur. Ammobacul 
ites sp. occurs only in the harbor and although restricted in 
distribution is a significant percentage of the fauna in the 
samples where it occurs (see H3, H22, H21, tables 2, 4). 

Trochammina lobata and Trochammina squamata and va 
rieties occur in fairly high percentages throughout both the 
harbor and bay faunas (table 2). Elphidium incertum and 
Elphidium subarcticum both are present in the harbor but are 
much more abundant in the bay (table 2). 

There are four major zones in the harbor area based on 
floral distribution; the Spartina patens zone, in which those 
forms live that will endure wetting by tidal action for only 
a brief period, the Spartina glabra zone, in which those forms 
live that require daily submergence by the tides, the intertidal 
zone or “mud flat” zone, and the Zostera zone (cel grass zone), 
which is continually submerged (Johnson, 1925). In Barnstable 
Harbor parts of the Zostera zone are exposed at low tide. 
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and Valvulineria sp. are confined to these zones, and the great- 
est frequency of Miliammina fusca occurs in the high marsh 
(table 5). The total amount of organic material in the sedi- 
ments also is much greater here. Apparently anomalous faunas 
occur at stations H2 and HQ. Station H2 is located on a small 
sandy island in the Spartina glabra zone, but the total popu- 
lation is small and only two species are found. Sample H9, 
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H13. Stations H12 and H13 appear to contain the only 
characteristic intertidal flat fauna. The presence of Elphidium 
incertum makes this zone distinctive. Apparent faunal anoma- 
lies in this zone exist at stations H1 and H8. Stations H1 and 
H8 have relatively high total populations although located 
in the intertidal flat zone which generally is characterized by 
small populations. 

The channel stations (Zostera zone or below Zostera zone), 
H14, H15, H16, H17, H18, H19, H20, H21, H22, H23, and 


H24, are always submerged. The Foraminifera populations 


of the channels are small but generally contain the same species 


as the other zones, with the exception of stations H21, H22, 
H23, and H24 which have the greatest total populations of 
the channel stations, and correspond more closely to the fauna 
of the intertidal flat and high marsh areas in having numerous 


specimens of T’rochammina inflata and T'. macrescens (table 5). 


BAY FACIES 

The bay fauna is characterized by Proteonina atlantica and 
Eggerella advena which make up approximately 90 per cent 
of the Foraminifera populations. Proteonina atlantica is some 
what more abundant than Eggerella advena, but both species 
occur in most bay samples. Ammobaculites cassis is fairly 
abundant and is restricted to the bay. The following species 
are restricted to the bay but constitute a relatively small per 
centage of the samples in which they occur: Ammodiscus sp., 
Elphidium articulatum, Eponides frigidus var. calidus, Glomo 
spira ef. gordialis and Quinqueloculina seminula. Reophax is 
restricted to the bay and the various species usually occur in 
the sand samples. 

There are two subfacies in the bay fauna which are char 
acterized by different species and different frequencies of 
species. The nearshore facies is developed on the sandy bottom 
which is present at depths shallower than approximately 20 m. 
It is characterized by Eggerella advena and Proteonina atlan 
tica which compose most of the Foraminifera population al 


though 3 or 4 other species may occur in low abundance in 
any sample. 

A second bay subfacies is present from approximately 20 
to 30 m. water depth to the outer end of the traverses; this 


is the area which has a mud and sand or mud bottom. The 
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following species appear to be restricted to the mud and sand 
or mud subfacies: 

Ammodiscus sp. 

Ammobaculites cassis 

Elphidium articulatum 


Eponides frigidus var. calidus 
Glomospira cf. gordialis 
Quinqueloculina seminula 
Reophax scorpiurus 

R. scotti 

R. curtus 


The following species generally have their highest frequencies 
in the mud and sand and mud subfacies: 
Elphidium incertum 
. E. incertum var. clavatum 
E. subarcticum 
Trochammina squamata 


Some faunal mixing is apparent in the samples from tra 
verse 3, especially between the harbor facies and the sand 
subfacies of the bay. This probably is due to strong tidal 
currents localized near the entrance of the harbor. 


DISCUSSION 


Currents in Barnstable Harbor are controlled almost ex- 
clusively by the tides. There is very little fresh water drainage 
: into the harbor. The physiography of the harbor is such that 
the tide is asymetrical, there being 7 hours of ebb and 5 hours 
of flood. Intertidal flats within the harbor are little affected 
by the strong currents of late ebb, for they become exposed 
before the time of maximum ebb currents. The small popula- 
tions of Foraminifera from the channel stations undoubtedly 
are to be correlated with tidal scour. 
The intertidal flats (stations H1, H8, H12, and H13) are 
. not affected by the strong currents of late ebb but do shift 
with other stages of the tide and are practically barren of 
vegetation. Lack of protective vegetation and the coarseness 
of the shifting sand of the intertidal flats probably are not 
conducive to a large Foraminifera population (table 5). 
The largest Foraminifera populations in the harbor area 
occur in the “high marsh” (Spartina patens and Spartina 
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glabra zones combined). There are two possible explanations 
for these large populations: either environmental conditions 
in the high marsh will support an abundant Foraminifera 
fauna, or specimens are washed there by the tidal currents. 
The high marsh areas are covered by a matted growth of 
marsh grasses and are completely submerged by only the 
highest spring tides or by occasional wind-driven tides. These 
areas usually are wetted from underneath twice daily at high 
tide. There is a high production of a variety of organisms 
and organic material accumulates in abundance. These areas 
offer good protection for Foraminifera because of the absence 
of strong currents and possible nectonic predators. Very little 
movement occurs that would tend to crush or destroy fragile 
tests. The tides which submerge the high marsh carry with 
them considerable detritus which may include Foraminifera. 
These grass areas are excellent settling ground for any material 
which is suspended in the water, as shown by Shaler (1886). 
The tough stemmed grasses have a dampening effect on any 
incoming currents and much of the suspended material settles 
out. 

It is probable that the high populations of Foraminifera 
are not washed in by highest tide but reproduce and grow in 
the high marsh. The forms found are very well developed, 
and few broken shells are found as may be expected if most 
of them are transported by currents for any distance. It 
seems improbable that so few inundations of the high marshes 
would account for such concentrated populations if they were 
transported and deposited in that environment. The restriction 
of 3 species to this habitat strongly suggests that it is an 
indigenous fauna. 

It is interestin 
tions at the 


the | 


g to note the contrast between total popula 
stations of traverses 1 and 2 in the marsh area: 


irgest total populations occur in traverse 1. The position 


of traverse 1 can be correlated approximately with the ex 


treme 


limit of the Cape Cod Bay water as it enters the harbor 
incoming tide. It is at this line that the mass of bay 
ts lowest velocity during late flood tide and the 
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greatest amount of settling of suspended material 


Stations Hl, H2, H3, H&8, and H9 have faunas apparently 


inomalous for their subfacies. Station H1 is in an intertidal 
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flat close to the channel and its population is similar to the 
fauna of channel stations. The intertidal flats shift continu 
ously, as do the channels, and it is not unexpected to find 
faunal mixing. Similar conditions exist at stations H2 and H3 
in the Spartina glabra zone. These stations are located on 
sandy islands subject to changes by tidal current action and 
surrounded by channels, and small total populations are ex 
pected. Station H8, although in the intertidal flat zone, has 
a relatively high total population. It is located at the boundary 
between the marsh and an intertidal flat and its population 
is very similar to that of the high marsh areas. Station H9 
was taken at the boundary between the high marsh and the 
dunes of Sandy Neck. This area is above water except during 
extremely high tides and it is in an area where there is sub- 
surface fresh water seepage from the sand dunes; a small total 
population may be expected under such conditions, 

Sediments at the channel stations are fine sand to coarse 
sand and contain little organic material. The sediments are 
related to strong currents along the channels during late ebb 
tide. Sediments of the intertidal flats are sand and silt with 
shell fragments and contain little organic material. The broken 
shells appear to be a result of the shifting sand of the inter 
tidal flats crushing shells deposited there by flood tides. The 
sediments of the high marsh areas are composed of fine silt 
and rather coarse sand and have a high organic content. 
These sediments are composed of wind-blown sand from the 
dunes and fine silt washed up by tidal action and settled out 
of the water as indicated above. On a windy day the amount 
of wind-blown sand being deposited in these marsh areas is 
quite noticeable. 


Salinity variations are not as great as would be expected 
in the harbor area. When the high marsh is covered by highest 
tides the water has a salinity range of 31.5 /00 to 32/00. 


Under norma! tidal conditions, however, these areas are wetted 
from underneath by water with the same salinity range as 
that of the intertidal flat zones, 25° /00 to 31°/00. These are 
maximum and minimum ranges and under normal tidal con 
ditions the salinity range is approximately 28°/00 to 31°/00 
on the intertidal flats. The channel stations at the head of 
the harbor (H22, H23, and H24) show the greatest salinity 
variation ranging from 20°/00 after a period of heavy pre- 
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cipitation and on the ebb tide to 31.5°/00 under normal con- 
ditions. Stations H14 and H15 at the mouth of the Harbor 
have salinity ranges of 31°/00 to 32°/00. The rest of the 
channel stations, H16, H17, H18, H19, H20, H21, all have 
about the same salinity range of 27.5°/00 to 31.5°/00. 

Considerable work has been done on the productivity of the 
water of Barnstable Harbor by J. C. Ayers (personal com 
munication). It has been found that the carbon content of the 
water varies from .0-.1 mgms./liter at the mouth of the harbor 
to .1-1 mgms./liter at the head of the harbor. This can be 
correlated with areas of greatest total Foraminifera popula- 
tions which occur in traverse 1 in the harbor in the area 
where the water has the highest organic production. 

The water temperatures of Barnstable Harbor are charac 
terized as follows by J. C. Ayers (personal communication) : 

“Like most estuaries Barnstable Harbor warms the tidal 
water which enters it during the spring and summer and 
cools the entering tidal water during the fall and winter. 
Transition periods between warming and cooling occur twice 
a year, generally in March-April and in September-October. 
During these periods there is no horizontal temperature gradi 
ent along the length of the harbor. During the spring and 
summer there is a temperature difference between the head 
of the harbor and the harbor mouth of about 10°F. The 
incoming water at each point averages around 70 F., while 
the water at the head of the harbor averages about 80°F. 
These figures are for low tide when the greatest temperature 
differences occur. During the fall and winter the gradient 
from mouth to harbor head is about 5 F. At low tide in these 
seasons water in the head of the harbor is about 35 F. while 
at Beach Point, about 40 F.” 

The two Foraminifera subfacies of the bay areas can be 
correlated with the mud line. The nearshore sediments are 
composed of fine to coarse clean sand in water shallower than 
approximately 20 m. At approximately 20 m. the sediments 
hecome silty and grade into mud and sand, or mud, which 
continues offshore to a water depth of approximately 32 m. 
The greatest number of species and the largest populations 
occur in the deeper facies. The distribution of the Foraminifera 
from all stations deeper than 20 m. is fairly constant. 
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The salinity of the bay water is approximately 31°/00 to 
32/00 and remains fairly constant. The temperature cycle 
of Cape Cod Bay water is typical for nearshore water in cool 
temperate latitudes. Temperature data on the bay water in 
this area have been taken from the files of the Woods Hole 
Oceanographic Institution and are listed below. Temperatures 
are given in degrees Fahrenheit. 

Month Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 
Om. 32.5 34.1 35.9 426 505 594 655 649 64.0 553 48.8 423 
15 m —— 349 34.9 423 45.9 54.9 —— 58.7 58.0 55.1 48.8 42.3 

It is quite apparent that temperature is relatively unim- 
portant as an ecological factor affecting the distribution of 
Foraminifera within this part of Cape Cod Bay except that 
all the populations are of a cool temperate type. The maximum 
summer water temperature within Barnstable Harbor is higher 
than in Cape Cod Bay; this may be an ecologic factor of im- 
portance in causing differences in the Foraminifera facies of 
the harbor and the bay areas. Minimum salinity ranges within 
the harbor are an additional ecological factor which probably 
influences the differences between harbor and bay facies. In the 
Barnstable Harbor area the subfacies mainly are to be cor- 
related with effects of tidal action or movement of bottom 
materials, degree of wetting provided, and organic production. 
Subfacies within the bay are to be correlated with the type of 
bottom material and thus the intensity of current and wave 
agitation of the bottom. 

The desirability of more detailed study in this area is evident. 
It is important to obtain data on distribution of living 
Foraminifera to determine how much mixing of faunas is 
caused by tidal currents. There are numerous salt water 
marshes along the shoreline of Cape Cod and the adjacent 
New England coast which have environmental conditions simi- 
lar to those of Barnstable Harbor. It is suggested that de- 
tailed studies be made of some of these marshes, analyzing 
surface distribution of Foraminifera faunas and also their 
vertical distribution in cores taken from the marshes. It is 
probable that similar faunal facies will be found in marshes 
in the New England region and elsewhere. It should be possible 
to reconstruct the detailed history of an old marsh area on 
the basis of Foraminifera. 
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CONCLUSIONS 


(1) Barnstable Harbor contains a Foraminifera facies char- 
acterized by abundance of Trochammina inflata and related 


species. This is distinct from the adjacent nearshore Cape Cod 
facies which is characterized by Proteonina atlantica and 
Eggerella advena. Temperature and salinity differences are 
important ecologic factors in this distribution. 

(2) There are at least 3 subfacies in Barnstable Harbor, 
developed on the high marsh, the intertidal flats, and in the 
channe's. Distribution of these subfacies appears related to 


diurnal tidal action, nature and movement of bottom materials, 
presence of marsh grass and relative organic production. 

(3) In Cape Cod Bay there is a nearshore Foraminifera sub- 
facies, developed on sand bottom. A subfacies occurs offshore 
from the sand area which is in mud and sand or mud and is 
especially characterized by species of Reophaz. 

(4) The largest Foraminifera population occurs in Barn 
stable Harbor in the high marsh where there is the highest 
total organic production. 
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REVIEW 


The Meaning of Evolution; by Geornce GayLorp Simpson. Pp. 
xv, 364; 38 text figs. New Haven, 1949 (Yale University Press, 
#3.75).—This penetrating analysis of the course of organic evolu- 
tion and of the causes underlying it, followed by an attempt to find 
therein some basis for human ethics and morality, is an amplifica- 
tion of the Terry Lectures delivered at Yale University in 1948. 
Accepting the factual truth of evolution as well established, Dr. 
Simpson presents a condensed yet comprehensive outline of the 
known history of life and a new analysis of its underlying prin- 
ciples. Aside from a tendency toward increase in the total amount 
of living matter, the course of evolution seems largely random and 
opportunistic. Oriented segments of evolutionary lines provide a 
crucial test for materialistic, vitalistic, and finalistic theories of the 
cause of evolution. Adaptation, which has a known mechanism in 
the action of natural selection upon the genetics of populations, is 
found to be the orienting factor in all real trends; hereditary changes 
have no direct relationship to the needs of animals or their oppor 
tunities for evolution; they provide an explanation for the random- 
ness of evolution whereas natural selection resulting in adaptation is 
the orienting force. Non-adaptive changes are possible and may 
lead to the formation of higher systematic groups; such evolution 
is likely to be more rapid than normal, but is still the result of the 
same forces. Progress is not a universal feature of evolution; many 
criteria of progress are possible and each of them gives a branch 
ing pattern rather than a single line succession of types. By most 
but not all criteria man stands at the top of the animal kingdom. 
The history of life is flatly inconsistent with vitalism and finalism. 

Man is a unique animal which has added a new type of evolution, 
based on the transmission and inheritance of learning, to the 
older organic evolution. This new evolution follows different laws 
and is subject to conscious control. However man and his unique 
attr.butes have arisen entirely through the materialistic operation 
of organic evolution. Man is not the goal of evolution, which was not 
planned. 


Intuitive and naturalistic attempts to discover an absolute ethic 


have failed because ethics are relative and arose only with man. 
An ethic cannot automatically arise from the principles of organic 
evolution, but must be the result of rational choice. Knowledge and 
its transmission are the most basic features of the new, human 
evolution; promotion of knowledge is held to be good, for mankind, 
and is taken as a basic ethical proposition. The possession of 
knowledge and power of choice by man entail responsibility, and 
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the highest and most essential moral standards are involved in the 
fact of man’s personal responsibility. Ethics based on these propo 
sitions are applied to a variety of human situations. 

Evolution will continue. Man may bring about his own extinc- 
tion, but he has the power to guide his own evolution and also that 
of other organisms. So long as human beings exist, there is no 
danger of a comparable animal arising to compete with them. 
Guidance of social evolution involves choice of ethical standards ; 
the choice can be such that the evolution of mankind will be upward. 

The agreeable ethical conclusions which Dr. Simpson derives 
from his study of evolution seem better grounded than earlier 
attempts along this line. One may suspect that his attack on the 
notions of a “struggle for existence’ as an important part of the 
selection mechanism was influenced by a desire to eliminate the 
“tooth and claw” ethic which has been drawn therefrom; yet by 
his own premises that pre-human evolution was amoral and that 
ethics must apply specifically to mankind, such an ethic can be 
eliminated and the mechanism of selection has no bearing on the 
ethie of knowledge which he develops. Natural Selection, as Simp- 
son says, is a matter of differential reproduction, but it seems to 
the reviewer that the success of each individual in coping with its 
environment for survival up toe the time of reproduction—which is 
the essence of Darwin's statement—is a major determinant of which 
shall be able to reproduce. 

The work as a whole is extremely readable, smooth in style, 
and with a minimum of technical jargon. It is legibly printed for 
the most part, but some charts have been reduced too much for 
clarity. The chart of the reptilian Orders has the Cenozoic Era 
spread out to greater length than the much longer time from Penn 
sylvanian to Cretaceous, which gives an illusion of excessive lon 
gevity to the survivors of the Mesozoic reptilian radiation. Full 
appreciation of the interpretive chapters in the second section of 
the book requires a greater knowledge of biology than the outline 
presented affords, but the central arguments can be followed by 


any educated reader. Results of recent advances in evolutionary 


theory are brought together in more condensed form, and frequently 
are more clearly stated than they have been hitherto; for this rea 


son alone the book should be of value to every biologist. 


JOSEPH T. GREGORY 
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